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ABSTRACT 
The study investigates the deposition of a multilayer coating onto two aluminium alloys: Al 1050 
and Al 6061. Of particular interest has been the treatment of the surface of both these samples for 
deposition of metallic coatings through a zincate based immersion process. The zinc immersion 
layer chemically displaces the oxide film on Al 1050 and Al 6061 and then zinc is deposited 
followed by nickel and chromium electrodeposition. Superior adhesion was associated with 
uniform, thin and fine grained deposits from Bondal solution which exhibited rapid and complete 
coverage of both aluminium samples. The metallurgical characteristics of the aluminium alloys 
and the processing sequence developed had a significant influence on the growth and 
morphology of the deposits from the Bondal solution and affected subsequent adhesion of 
electroplated nickel and chromium. This engendered the treated surface with sufficient catalytic 
nature to be able to receive a subsequent electroless nickel layer together with finishing layers of 
electrolytic nickel and chromium respectively. 
Due to the favourable physical properties of aluminium and its alloys (density, strength to weight 
ratio), there is a growing demand for nickel/chromium coated aluminium components for 
automotive and other applications. The most common method currently is to directly electroplate 
nickel onto the aluminium substrate. However, this can lead to problems with components 
having complex geometry in that chemical attack on the pretreated aluminium can occur in low 
current density areas before the substrate can be completely covered with nickel due to the acidic 
nature and high temperature of the nickel electroplating process. One way of preventing this 
current density related problem is to use an electroless nickel undercoat before the 
nickel/chromium deposit is applied. The mechanism by which this occurs is not fully understood 
and it is an objective of the current research to investigate the mechanism of nucleation of the 
electroless nickel layer on zincated aluminium. Results of X-ray photoelectron spectroscopy 
showed that the zincated layer was dissolved in the electroless nickel bath but zinc was detected 
below 10 nm from the top surface of the homogenous nickel phosphorus film, while aluminium 
and alloying elements from both alloys have diffused into the film. 
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Hexavalent chromium electroplating from chromic acid is under pressure due to its health hazard 
and environmental problems and is subjected to increasingly stringent control and legislation. 
Health and safety considerations have prompted the electroplating industry to consider 
alternatives to coating processes that involve hexavalent chromium. It is a further objective of 
the research to compare the properties of nickel/chromium coated aluminium with top coats of 
chromium deposited from hexavalent and trivalent (chloride based) electrolytes. Duplex nickel 
and chromium electrodeposition were modified with an electroless nickel undercoat, thus four 
coatings were studied for the aluminium samples. 
Results obtained from the hardness measurements of Al 1050 and Al 6061 were compared for 
four coatings. Hardness tests profiles obtained for Al 1050 and Al 6061 show that deposits from 
trivalent chromium electrolytes were not as hard as hexavalent chromium deposits. However, the 
hardness of duplex nickel/chromium coatings was improved by use of an electroless nickel 
undercoat. Scratch adhesion tests were focused on the failure mode of coatings evaluated on the 
basis of scratch channels, frictional force and acoustic emission signals. The adhesion test 
showed buckling and chipping of the coatings with no sign of spallation or delamination. Four 
coatings exhibited a higher critical load for both aluminium alloy samples. This confirmed that 
failure occurred within the coatings, rather than adhesive failure at the coating/substrate 
interface. Results obtained from copper acetic acid salt spray and electrochemical corrosion tests 
for Al 1050 and Al 6061 exhibited excellent corrosion resistance. Scanning electron microscope 
images showed initiation and propagation of small pits which did not coalesce to form large and 
deep craters that could result in the eventual failure of the coatings. Micro discontinuous 
chromium deposits spread the corrosion current, thus improving corrosion performance. Ιcorr 
values obtained from linear polarization corrosion tests show higher values for duplex 
nickel/chromium coatings on Al 1050 than Al 6061. Ιcorr values show similar trends for duplex 
nickel/chromium coating on Al 1050 and Al 6061 modified with an electroless nickel undercoat. 
In conclusion results showed a significant improvement in the chromium electroplating 
characteristics of Al 1050 and Al 6061 with an electroless nickel undercoat. 
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CHAPTER 1: INTRODUCTION TO THE RESEARCH STUDY 
 
1.1  Overview of current use and applications of aluminium and its alloys  
The high strength to weight ratio of light metals and their alloys has lead to their new 
applications in various machinery and transportation industries. The use of light metals has 
increased remarkably during the last decade in the automotive industry. The growing demand for 
more fuel efficient vehicles to reduce energy consumption and air pollution is a challenge for the 
automotive industry. High strength, high stiffness to weight ratio, good formability, good 
corrosion resistance, and recycling potential of aluminium and their alloys means they have 
replaced heavier metals in the automotive industry. However, the use of aluminium has not only 
responded well to the weight reduction demand but also to enhancing fuel economy and 
environmental protection (Funatani, 2000 and Miller et al., 2000).  Paatsch (2003) reported that 
the average aluminium used in a medium sized car in 2003 is 85 kg and this amount will increase 
up to approximately 130 kg in 2008.  According to Sears (1997) aluminium usage could rise up 
to 250 or 350 kg by 2015. It has been estimated that 10% weight reduction approximately equals 
a 5.5% improvement in fuel economy (Cole and Sherman, 1995). In another study, Morita 
(1998) claimed that 10% of vehicle weight reduction results in 8-10% in fuel economy 
improvement. Paatsch (2003) confirmed that a 10% reduction in weight yields a 5% 
improvement in fuel economy. Replacement of steel in a car body with aluminium could reduce 
its weight by 50% and save approximately 3,000 litres of fuel and 7,500 kg of CO2 over the life 
time of an average car. The European Aluminium Association (2007) reported that for every 100 
kg weight reduction there is a cut of 0.35 litres/100 km in fuel leading to proportionally lower 
exhaust gas emissions and running costs.  
Although aluminium and its alloys are being used in automotive applications in both cast and 
wrought forms their mechanical properties need improvement to replace steel on the basis of 
strength to weight ratio. Casting alloys need elimination of casting defects and segregation to 
improve microstructure while the strength, formability and rigidity of aluminium sheets and 
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extrusions need better forming and heat treatment techniques (Cole and Sherman, 1995 and 
Funatani, 2000). Carle and Blount (1999), Funatani (2000) and Deflorian, et al. (2006) found that 
in recent years engine components such as cylinder heads, cylinder blocks, piston, frames panels, 
insulators and many other parts have been made of aluminium alloys. Mass reduction is an 
important criterion in aerospace design leading to higher payload capability and higher fuel 
mass, resulting in longer life of spacecraft. Among the conventional structural materials used in 
aerospace application, aluminium and its alloys are front runners (Saxena et al., 2006). 
Architecture is a major market for aluminium as the metal allows for innovative and artistic 
design, cost efficient structures and strength in design. Aluminium has been used in recent years 
as the dominant material for integrated circuit bond pad metallization (Liu et al., 2000; Hutt, et 
al., 2002). 
1.2  Statement of the problem  
Aluminium has a great affinity for oxygen. When aluminium is exposed to air, direct oxidation 
causes the spontaneous formation of a thin, compact, tough and inert film of oxide on its surface. 
This oxide film is very persistent and when removed it is immediately re-established. 
Electroplating on aluminium can be difficult to accomplish successfully as a result of the 
tenacious oxide layer on its surface, which effectively hinders adhesion of applied coatings. 
Because of this characteristic of aluminium, this oxide film must be removed and prevented from 
re-forming prior to metallic coating. A number of processes have been developed which were 
based on the principle of chemically dissolving the oxide layer on the aluminium surface and 
simultaneously replacing it with an immersion or electroplated deposits of another metal. 
However, the electroplating industry faces problems in dealing with the electroplating of a wide 
diversity of aluminium alloys components. The finishers need a strategy for dealing with 
different aluminium alloy due to alloying elements, differences in their chemical composition 
and degree of heat treatment. Without knowing the alloy composition and level of heat treatment 
it may be difficult to select an appropriate pretreatment sequence. Special pretreatment 
sequences are thus essential in order to enable aluminium substrates to be electroplated with 
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adherent coatings. The electroplating industry faces another problem in dealing with aluminium 
finishing as a consequence of imminent legislation restricting the use of hexavalent chromium in 
the electroplating industry. Khan et al. (2005) reviewed regulatory, technical and economic 
issues involved in replacing hexavalent chromium electroplating, as stringent restriction 
legislations have been introduced to phase out hexavalent chromium or limit its use in the 
electroplating industry. The most common method currently, is to directly electroplate nickel 
onto the aluminium substrate after pretreatment. However, nickel electrodeposition can lead to 
problems due to unsatisfactory deposits in low current density areas of the substrate (complex 
geometry) in nickel electroplating baths. Therefore, deposit thickness will not normally be 
uniform particularly on shaped components from nickel electrodeposition (DiBari, 2000). 
1.3 Research aim and objectives 
Based on the aforementioned research and industry related problems, the main aim of this study 
is to develop chromium electroplating methodology for aluminium and its alloys and also to 
explore the option of trivalent chromium electroplating of aluminium as compared to hexavalent 
chromium electroplating in the wake of an impending legislation. The research is broken down 
into the following measurable objectives: 
• Conduct a comprehensive literature review to understand the state of the art in the subject 
area of chromium electroplating with special reference to aluminium substrate. 
• Explore different pretreatment options for aluminium substrates and develop a 
pretreatment sequence for selected aluminium alloys with a view to achieve sustainable 
adherent coatings.  
• Investigate current efforts to improve chromium electrodeposition onto aluminium with a 
view to propose a more viable solution or alternative in terms of health, safety and 
environmental implications of the legislation which restricts the use of hexavalent 
chromium. Trivalent chromium electroplating will be explored as a potential alternative 
to hexavalent chromium electroplating for decorative applications. 
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• Design and develop a methodology for chromium electroplating of aluminium and its 
alloys with a view to set up an industrial scale model for chromium electroplating of 
aluminum substrates to address industrial needs. 
• Investigate duplex nickel/chromium electrodeposition onto aluminium with and without 
electroless nickel undercoat and evaluate physical, chemical and corrosion characteristics 
of chromium electroplated Al 1050 and Al 6061 samples. 
 
1.4 Contribution to knowledge 
The research is intended to provide the following contributions to knowledge: 
• This study has been investigated on the basis of a double zincating immersion process, 
using modified alloy zincate solution. The parameters affecting the zinc deposits such as 
immersion time, temperature of the solution and the pretreatment process sequence have 
been studied. 
• Pretreatment of Al 1050 and Al 6061 depends upon alloy composition, degree of heat 
treatment and what metal is to be deposited as the first coat on the zincate layer. 
Metallurgical characteristics of Al 1050 and Al 6061 have been taken into consideration 
for a wide range of topcoats.  
• The pretreatment process developed for both aluminium samples involves removal of the 
oxide film from the surface and also prevents re-oxidation. Duplex nickel/chromium 
coatings have been modified with an electroless nickel undercoat and the behaviour of 
zincated Al 1050 and Al 6061 studied at the early stage of electroless nickel deposition.  
• Chromium has been electrodeposited onto Al 1050 and Al 6061 from both hexavalent 
and trivalent electrolyte baths for the purpose of decorative applications. Microporous 
chromium deposition was achieved by the deposition of chromium over a thin 
microporous nickel deposit. This effectively increased the base metal protection by 
spreading the corrosion currents over a multitude of sites, thus reducing the size and 
depth of individual pits. This issue has been investigated in this study. 
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• The electroplating of aluminium with duplex nickel/chromium coatings with and without 
electroless nickel layer has been studied to design a robust chromium electroplating 
methodology for aluminium alloys. 
 
1.5  Research approach  
The approach starts with a study of the physical and mechanical characteristics of a wide 
diversity of aluminium and its alloys. The study also explores different surface modification 
techniques used for aluminium and its alloys. The purpose of this study is to develop a robust 
method for the chromium electroplating of aluminium using an electroless nickel undercoat. 
Hexavalent and trivalent chromium (chloride based) will be used for electrodeposition onto 
selected aluminium alloys for decorative applications. The study carried out will describe the 
development of a methodology for the chromium electroplating of aluminium and its alloys and 
also will explore the option of using trivalent chromium electroplating in the wake of legislation 
restricting the use of hexavalent chromium in the electroplating industry. 
The research explores different pretreatment options for aluminium and its alloys with a view to 
achieve a suitable surface for subsequent deposition onto Al 1050 and Al 6061. The entire 
process starts with the development of a suitable pretreatment process sequence that would 
promote adhesion of subsequent layers and finally leave chromium as a top coat on the 
aluminium substrate. The study will also investigate the mechanism of electroless nickel 
deposition onto aluminium alloys after zincating. Surface characterisation of aluminium 
substrate at pretreatment and electroless nickel deposition stages will hopefully provide an 
indication of the mechanism and surface characteristics for subsequent coating. The study will 
then review existing chromium electroplating techniques to develop an improved methodology 
for chromium coating onto aluminium substrates. Finally, further research would then need to be 
carried out on the selected aluminium alloys to develop chromium electroplating methodology 
with and without electroless nickel undercoat, with mechanical and corrosion testing to ensure 
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that electrodeposited coatings have the desired properties. The research approach adopted for this 
study is presented in Figure1.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                  Figure 1.1: Outline of the research methodology undertaken in this thesis. 
Step 1:  Characteristics of aluminium and its alloys 
• Physical and mechanical properties of selected alloys. 
• Surface finishing of aluminium and its alloys. 
Step 2:  Pretreatment of aluminium and its alloys  
• Existing pretreatment technique for aluminium and its alloys. 
• Develop a pretreatment process for selected aluminium substrates. 
Step 3:  Electroless nickel interlayer for nickel/chromium deposition 
• Study surface characterization of zincated aluminium at the early stage of 
electroless nickel deposition.  
• Electroless nickel interlayer for nickel chromium electroplating 
 
Step 4:  Chromium electroplating  
• Multilayer nickel plus chromium coatings onto different substrates 
• Corrosion resistance of multilayer nickel plus chromium coating onto 
aluminium. 
Step 5:  Decorative nickel plus chromium coatings with Hexavalent  
              and Trivalent electrolytes 
• Design and develop electroplating techniques suitable for hexavalent and 
trivalent electrolytes using electroless nickel undercoat 
 
Step 6:  Mechanical testing and evaluation of chromium electroplated  
              samples 
• Hardness and adhesion testing 
• Corrosion testing  
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1.6 Limitations of the research 
Although the scope of the research is to develop a methodology for chromium electroplating 
onto an aluminium-based substrate, there are certain limitations to the research which are 
highlighted as follows: 
• Metallurgical characteristics of aluminium alloys are very complex due to different phase 
and matrix formation (Polmear, 1995). These characteristics need careful consideration in 
terms of pretreatment through to chromium electroplating of aluminium. Although 
surface characteristics and chemical/mechanical properties of selected aluminium alloys 
have been considered, further investigation is needed to understand their metallurgical 
characteristics.  
• The response from different aluminium alloys to the same treatment sequence is not 
always the same. Therefore, a universal process for all aluminium alloys has not been 
developed, as each alloy responds individually to a pretreatment sequence depending on 
its metallurgical characteristics. The pretreatment process has only been developed for Al 
1050 and Al 6061. 
• Al 1050 and Al 6061 only have been selected for this study but it is essential also to study 
other alloys in order to determine the applicability of electroless nickel as an undercoat 
for duplex nickel/chromium electroplating technique on other grades of aluminium alloys.  
• Chromium has been electrodeposited onto selected aluminium alloys from hexavalent 
and trivalent (chloride based) baths to assess their decorative application potentials. 
Further extensive research is needed to achieve functional (hard) coating from trivalent 
chromium electrolyte baths. This involves an understanding of the kinetics and 
thermodynamics of coating from a trivalent chromium electrolyte bath. 
• Mechanical and corrosion testing were carried out to evaluate durability of chromium 
coating onto Al 1050 and Al 6061 alloys. However, chromium electroplating needs 
further investigation of each individual layer in the duplex nickel/chromium depositions. 
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1.7 Thesis outline 
The thesis consists of seven chapters. These include: Introduction to research study, Literature 
review, Research methodology, Results, Discussion of results, Conclusion and suggestions for 
further work. The thesis outlines are as follows;  
Chapter One outlines the background to the research, reviewing the use and applications of 
aluminium, together with the aim and objectives, approach and contribution to knowledge. This 
chapter further highlights problems encountered in the electroplating of aluminium and also 
discusses limitations of the study. 
Chapter Two presents a literature review of the characteristics of aluminium and its alloys and 
different coating techniques used for aluminium. The chapter reviews possible problems 
encountered in the electroplating onto aluminium and its alloys and also describes the different 
pretreatment techniques used for aluminium, with emphasis on the zincating immersion process. 
This chapter then discusses the electroless nickel deposition process and its use as an interlayer 
for subsequent coatings. It also explains the behaviour of nickel phosphorus deposition onto a 
zincated layer leading to further adhesion. It presents a detailed literature review of hexavalent 
chromium electroplating onto different metallic substrates. This chapter then addresses the 
stringent legislations restricting the use of hexavalent chromium in the electroplating industry 
and the search for economically viable alternatives. It further discusses trivalent chromium 
electroplating as a potential for decorative application, and problems encountered in achieving 
thick deposits with trivalent chromium. Finally, duplex nickel/chromium coating process and 
modifications of the process are explained. 
Chapter Three presents the research methodology for chromium electroplating onto aluminium 
substrates. The material and chemicals used for the study were presented. It also describes 
surface characterisation techniques used during the study such as Scanning electron microscopy, 
Energy dispersive X-ray analysis, X-ray diffraction, X-ray photoelectron spectroscopy, and 
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Atomic force microscopy. The chapter also includes procedures for adhesion, hardness testing 
and corrosion testing of chromium electroplated samples. 
Chapter Four presents the results obtained at different stages of chromium electroplating onto 
aluminium samples. The results include surface characterisation of aluuminium substrates for 
zinc deposits from Bondal solution. The chapter presents results from surface characterisation 
and structural analysis of nickel deposits at the early stage of the electroless nickel process. It 
also shows results for the interface between the zincated layer and the electroless nickel deposit. 
The chapter then presents results obtained from the surface characterisation of chromium 
coatings onto Al 1050 and Al 6061 with and without an electroless nickel undercoat. Mechanical 
and corrosion testing of the samples were also presented. The results obtained from the hardness 
and adhesion tests show the durability of chromium coatings. Electrochemical corrosion and 
CASS tests are used to study corrosion behaviour of the chromium electroplated aluminium. 
Chapter Five presents the discussion of results obtained from surface characterisation of zinc 
deposits from a Bondal solution and the nickel deposits from the electroless nickel process. It 
also includes discussion of the early stage of zincated layer dissolution in the electroless nickel 
deposition process. The chapter discusses surface characterisation of chromium coatings onto Al 
1050 and Al 6061 with and without an electroless nickel undercoat. The chapter then discusses 
results obtained from adhesion, hardness and corrosion testing. It explains the durability and 
corrosion pattern of chromium coatings applied to Al 1050 and Al 6061. 
Chapter Six presents conclusions derived from the overall research findings from pretreatment to 
electroless nickel deposition and duplex nickel/chromium electroplating stages. 
Chapter Seven makes recommendations from the study and suggests areas for further research.  
1.8 Conclusion 
The introduction chapter presents an overview of the thesis. It also presents the research aim and 
objectives, and possible contribution to knowledge. The thesis limitations were finally discussed. 
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CHAPTER 2:  LITERATURE REVIEW 
 
2.1  Introduction  
This chapter presents the literature review about coating aluminium and also the pretreatment of 
aluminium and its alloys using the zincating process. It then describes electroless nickel 
deposition onto aluminium after zincating as well as previous literature on electroless nickel 
deposition onto aluminium. The chapter discusses chromium electroplating and highlights health 
and environmental effects arising from hexavalent chromium and also explores the options for 
decorative chromium electroplating using a trivalent chromium electrolyte bath as an alternative 
to hexavalent. 
2.2  Aluminium and its alloys  
Aluminium is characterized by two main properties on which its application is based: a low 
density of approximately 2.7g/cm3 and the high mechanical strength achieved by the 
incorporation of suitable alloying metals and heat treatments. Aluminium is available in a wide 
range of purities and five pure grades are specified in British Standard: 485-2, (2007). The 
strength of pure aluminium varies from 60 N/mm2 to 140 N/mm2 based on purity and the amount 
of cold work. However, aluminium tensile strength as high as 600 N/mm2 can be achieved by 
alloying with other elements, and also by appropriate heat treatment (Aluminium Federation, 
2003). The principal benefits achieved by alloying aluminium are increased strength, better 
machine-ability, excellent workability and weldability. The principal alloying elements with 
aluminium are copper, magnesium, manganese, silicon and zinc; while chromium, cobalt, iron, 
nickel, and titanium are present in trace quantities. Bismuth, lead and cadmium are added to 
aluminium alloys to improve their machining properties (Polemar, 1995). Alloying elements are 
added to aluminium forming second phase particles. The second phase has a great impact on the 
corrosion properties of aluminium, generating different forms of corrosion attack. Silicon and 
copper are deliberately added to change casting properties and other physical properties. Iron and 
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silicon have a low solid solubility in aluminium and they form fine segregation at cellular 
boundaries during solidification. Aluminium is generally classified into two main groups; 
wrought aluminium alloys (mechanically worked products) and casting aluminium alloys. 
Wrought aluminium alloys are further subdivided into non-heat treatable, heat treatable alloys 
and also into various forms produced by mechanical working. Aluminium is highly resistant to 
most environmental conditions and to a variety of chemical agents due to the inert and protective 
character of the aluminium oxide film on its surface (Maayta et al., 2004). Aluminium has a high 
affinity for oxygen and develops a thin and tenacious oxide layer, when the metal is exposed to 
air. The film increases in thickness slowly and protects the underlying surface. However, it re-
establishes itself as soon as it is disrupted in many environments. When corrosion occurs in the 
presence of certain pollutants, it is localized, such as pitting corrosion, intergranular corrosion, 
stress corrosion or exfoliation. Due to its thermodynamic activity, aluminium shows anodic 
behaviour with respect to most other metals (Wefers and Misra, 1987). Localised corrosion could 
result in structural failure of an aluminium alloy if it is allowed to reach critical levels. Corrosion 
in aluminium alloys is a microglavanic process due to these intermetallic phases and alloy 
matrices (Nisancioglu and Holton, 1978., Nisancioglu, 1992). Intergranular corrosion in 
aluminium is caused by microgalavanic cell action along the grain boundaries, or adjacent to it. 
Intergranular attack is faster than other types of localized corrosion because it proceeds 
undetected through the material and may deteriorate the mechanical properties of the metal, 
causing fracture without visible signs of corrosion. Alloying elements such as iron, silicon and 
copper develop impurities and the susceptibility to intergranular corrosion is known to depend on 
the alloy composition and heat treatment (Hatch, 1984). Stress corrosion is a complex 
mechanism and it is developed as a result of intergranular corrosion (Wanhill, 1986., Wanhill 
and Schra, 1992). 
2.3  Coating onto Aluminium 
Coating onto aluminium is hindered by the ever-present oxide film. This can be overcome by a 
zincate or stannate process, in which a very thin layer of the appropriate metal is chemically 
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deposited on the surface of aluminium. The thin layer of zinc or tin prevents further formation of 
aluminum oxide and allows deposition of other metals. The invisible oxide film protects the 
aluminium surface but it is unable to provide resistance to corrosion of aluminium in aggressive 
environments. Therefore, aluminium and its alloys need a high degree of protection (corrosion or 
chemical resistance), or modification in the surface appearance (colour, texture) or production of 
mechanical-physical surface properties (abrasion, hardness, antifriction). Aluminium can be 
treated by a variety of methods for surface modification as shown in Figure 2.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Different coating techniques for aluminium and its alloys. 
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Copper, zinc, nickel, chromium and tin have been used for electroplating directly onto 
aluminium from specially formulated baths. In 1958, Atkinson developed direct copper 
electroplating on aluminium using a specially formulated copper bath.  Later, Macfadden in 1964 
used a cyanide copper bath for deposition of copper strike on aluminium. Nickel was deposited 
directly from a low chloride content bath by Lukomoski in 1968. Hexavalent chromium was also 
deposited on aluminium substrates not only for decorative, but also for engineering applications 
(Dennis and Such, 1993). Corrosion of aluminium is improved by developing a film with a 
chemical or electrochemical process either by anodizing or chromate conversion coating. The 
conversion barrier coatings are used to suppress the cathodic reaction by limiting the diffusion of 
electrolytes, oxygen and water to the aluminium substrate (DeWit and Lenderink, 1996). 
Chromate and phosphate are generally used to fulfill the needs for decorative applications of 
aluminium. Bibber (2001) and Bibber (2003) investigated different conversion coatings onto 
aluminium and found that alloy composition, heat treatment and forming history of the 
aluminium largely affects the quality and corrosion performance of the chromate conversion 
coating. 
 Hexavalent chromium is currently the most effective way to inhibit corrosion of aluminium 
alloys using conversion coatings but recently it has been confirmed as carcinogenic, therefore, 
stringent regulations have limited the use of Cr+6 (Kendig et al., 2001 and Bathencourt et al., 
2004). Attempts have been made to replace conversion coatings using hexavalent chromium but 
no single alternative has proven itself as reliable as chromate for conversion protection. Among 
the most promising candidates being investigated as active inhibitors are cerium compounds 
molybdates, vanadates, phosphates organic inhibitors (Twite and Bierwagen, 1998). Anodising 
or deliberate thickening of the oxide layer has been used as a means of protecting the surface 
(Gruberger and Gileadi, 1986., Zagiel et al., 1990). This anodic oxide film consists of two layers, 
the barrier and porous layers. Wittrock (1963) extensively studied anodic coatings on different 
aluminium alloys and concluded that adhesion was extremely sensitive to alloy type, voltage, 
current density and immersion time. Lashmore (1980) concluded that the best results were 
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obtained when anodizing was carried out in dilute phosphoric acid at slightly elevated 
temperatures, although other processes employing sulphuric acid, oxalic acid or mixtures of 
these with phosphoric acid have also been used. Alcala et al. (2000) concluded that anodic film 
growth on aluminium alloys depends on the alloy composition.   
2.4  Oxide formation on aluminium surface 
Aluminium is an active metal, which is quickly covered with thin oxide film when exposed to 
the atmosphere. Humidity affects the rate of growth and thickness of the oxide film. Aluminium 
exposure to atmospheres forms a white visible film on pure aluminium and a grey coloured film 
on aluminium alloys. Chloride and sulphates also affect the oxide layer due to their presence in 
marine and industrial atmospheres. The oxide film is cohesive, adherent and it inhibits further 
corrosion. The film developed at ambient temperature has excellent characteristic in terms of 
adhesion, continuity and corrosion resistance. According to Fuente et al. (2007), a thin protective 
oxide film developed on bare aluminium exists in several levels of hydration (Al2O3. xH2O) 
depending on the exposure conditions, especially with respect to humidity and temperature. The 
formation of oxide film on the aluminium surface may vary between 40 Å and 100 Å, depending 
on the condition in which it forms. Bird and Strauss (1976) found that the oxide film is 
comprised of two layers: a compact layer very close to base aluminium, of 20 Å-25 Å thickness, 
and a permeable layer known as Boehmite [γ-AlO(OH)] or Bayrite Al(OH)3.  Graedel (1989) 
identified three layer structures which consist of aluminium oxide, the corrosion layer on the 
oxidised aluminium, and surface contamination layer. DeWit and Lendreink (1996) studied the 
passive behaviour of aluminium that separates the bare metal from the corrosive environment. 
DeWit and Lenderink (1996) claimed that the upper porous layer is very permeable to water and 
aluminium ions and as a consequence the electrochemical reaction takes place at the interface of 
the barrier layer and porous layer. According to Wefers and Misra (1987), the alloying elements 
in aluminium alloys also influence oxide film formation in contrast to pure aluminium. They also 
claimed that the oxide layer consists mainly of Al2O3 but oxides of alloying elements can also be 
incorporated into the aluminium oxide film which may improve the properties of this natural 
  
36 
oxide within certain limits. Shimizu et al. (1997) also confirmed that the thickness of the oxide 
film may vary as a function of temperature, environment and alloying elements. At higher 
temperatures above 450oC, the amorphous oxide film changed to crystalline (Mansfeld, 1992). 
According to Guthrie et al. (2002), the oxide film formed on aluminium is cohesive, adhesive 
and inhibits further corrosion. He found that aluminium exhibits three corrosion regions:  
(a) Active region: increases in the oxidation potential leading to increasing corrosion rates. This    
region corresponds to the beginning of corrosion. 
(b) Passive region: increasing the oxidation potential past the active region reduces the corrosion 
rate. 
(c) Transpassive region: increasing the oxidation potential past the passive region, increases 
corrosion rate. 
According to Pourbaix (1974), aluminium is homogenously corroded by forming Al3+ in a very 
acidic solution while it forms aluminates (AlO2)- in alkaline solution.  The profile obtained from a 
plot of potential against pH for aluminium at 25oC with an oxide layer of 50Å thickness in 
neutral aqueous solution is shown in Figure 2.2. The profile of potential against pH consists of 
three regions of corrosion, passivation and immunity. Boundaries define the transition from one 
stable phase to another and dashed lines enclose region of stability of the aqueous solvent to 
oxidation or reduction. Outside this region, it is the water that breaks down, not the aluminium 
substrate. The Pourbaix diagram shows that if pH < 4 then Al3+ is stable and if pH > 8.3 then is 
(AlO2)- stable. Similarly, if 4 < pH < 8.3 then Al2O3 is stable and thus protects the aluminium 
(Hollingsworth and Hunsicker, 1992). In acidic regions, aluminium is homogeously corroded by 
forming Al3+.  Similarly where aluminium oxide is stable; there is a possibility of passivation. 
Passivitation is caused by thin hydroxide layer forming on metal surface, protecting the metal 
from anodic dissolution. If the potential is sufficiently low, aluminium becomes immune to 
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corrosion. Thus resistance and oxide layer of oxide layer is a function of environment, alloy 
composition and microstructure of aluminum and its alloys (Vereecken, 1994). 
 
Figure 2.2: Pourbaix Potential-pH diagram for aluminium at 25oC (Vereecken,J., 1994). 
2.5 Problems associated with electroplating onto aluminium 
Electrodeposition onto aluminium poses a number of fundamental problems to the electroplater.  
If successful adhesion between an aluminium substrate and electrodeposited coating is to be 
accomplished, the oxide film must be removed and prevented from re-forming prior to 
subsequent coating (Wernick et al., 1987).  In addition to it, West in 1946 (Wernick et al., 1987) 
listed the following difficulties associated with electroplating on aluminium;  
• The presence of a tenacious and amphoteric oxide layer.  
• The position of aluminium in the electrochemical series leading to immersion deposits 
from the electroplating solution. 
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• The difference in potential between the aluminium matrix and the second phase 
constituents, which affects the deposition reactions and make the electroplating on some 
aluminium alloys particularly difficult. 
• There is a difference between the coefficient of expansion of aluminium and its alloys 
and most of the metals commonly deposited onto the aluminium substrate.  It may cause 
sufficient strain to rupture the bond between the substrate and the deposits, when 
considerable temperature changes occur in applications. 
• The difference in atomic diameter and crystal lattice structure between the aluminium 
substrate and the metal electroplate. 
• The polished surface of aluminium has a ‘Beilby’ layer of flowed or amorphous material 
possibly incorporating grease or oil impregnated oxide. 
 
Various studies (Wernick et al., 1987; Matienzo and Holub, 1981; Golby and Dennis, 1981; 
Monteiro et al., 1989; Monteiro et al., 1991; Digby and Packham, 1995; Critchlow and Brewis, 
1996; Pearson and Wake, 1997; Tang and Davenport, 2001; Khan et al., 2005; Pearson, 2006) 
also confirmed the difficulty connected with electroplating onto aluminium. Aluminium is 
anodic relative to most other metals commonly deposited on it and it generates a huge 
thermodynamic driving force giving rise to a fast rate of deposition with the consequence of poor 
adherence of the deposit. Aluminium alloys frequently contain a number of phases which are not 
always uniformly distributed throughout the aluminium matrix; therefore they can give rise to 
the formation of corrosion cells, leading to the acceleration of corrosion of the aluminium matrix. 
2.6 Pretreatment of aluminium 
The most critical steps in coating aluminium are those relating to surface preparation. 
Aluminium usually requires special conditioning treatments to remove the natural oxide prior to 
electroplating (Wernick et al., 1987). Pretreatment of aluminium prior to electroplating generally 
involves cleaning, etching, desmutting and zincating. 
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Cleaning is carried out to remove the oil, greases, grits and soils that are present from material 
handling and surface preparation (Limbach et al., 1999). Several factors influence the choice of 
cleaner, including the metallurgical characteristics of each alloy, contaminants present, number 
of stages and time available for cleaning. Vapour degreasing, emulsion cleaning, ultrasonic 
cleaning, alkaline cleaning and electrolytic alkaline cleaning are the most common processes 
(Wernick et al., 1987). After cleaning, aluminium is typically immersed in an alkaline or acid 
solution to etch or roughen the surface and also to remove the heavy oxide layer. Etching 
promotes better mechanical interlocking between the coating and aluminium substrate and it also 
makes the surface more electrochemically active. The type of etching employed depends on the 
aluminum alloys, processing conditions and the condition of the surface (Wernick et al., 1987). 
Generally alkaline etchants are more aggressive and are effective for heavily oxidised layers 
while acid etchants are significantly milder on the aluminium surface (Limbach, 1999; Joshi and 
Mehta, 2004). The aluminium surface after etching typically reveals the presence of a loosely 
adherent film or smut on the surface, which affects the adhesion of subsequent coatings onto 
aluminium. The composition of this smut depends upon impurities or alloy constituents present 
in the aluminium. After etching, the aluminium is subjected to desmutting to remove the smut 
layer (Muranushi, 1997). 
After alkaline cleaning, a black smut is normally left on the aluminium surface.  Desmutting is 
often the most critical step in the aluminium pretreatment process to ensure adequate adhesion of 
the subsequently applied metal coatings (Wernick et al., 1987; Maynard et al., 1997). The 
tenacity of this film varies with the composition of the aluminium, especially where an 
aluminium alloy is employed (Mehta and Butkovsky, 2002). Nitric acid solutions, with acid 
concentrations of 25% to 70% typically are generally used to desmut etched aluminium alloys. 
However, not all smut is easily removed with nitric acid alone, thus fluoride containing 
compounds are added to improve the effectiveness of the desmutting process.  For instance, for 
aluminium alloys containing a high silicon concentration, ammonium biflouride or sodium 
fluoride have been added where fluoride ions are available to dissolve and remove silicon from 
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the surface. Alternatively, a solution of nitric acid, sulfuric acid and a fluoride containing salt has 
gained popularity over the years, because of its ability to chemically attack a wider variety of 
metallic smuts (Muranushi, 1999; Mehta and Butkovsky, 2002). Although nitric acid has been 
used effectively for desmuting, health and safety concerns have now limited its use. Desmuting 
solutions based on sulphuric acid and chromic acid, with or without fluorides, also have been 
used with a variety of alloys. A zincating process generally follows desmuting, where the 
aluminium is immersed in an alkaline zinc bath to deposit a thin zinc containing layer. The 
zincate layer controls and minimizes oxidation of the metal surface since zinc does not oxidise 
nearly as rapidly as aluminium. The type of cleaning and etching procedure adopted before the 
immersion in the zincate bath may have a significant influence on the deposit obtained. 
2.6.1 Zincating process  
A series of pretreatment procedures for aluminium and its alloys have evolved aimed at 
improving the levels of adhesion between aluminium and the electroplated metal. The use of 
immersion films, based on stannate or zincate solutions, is the most widely used technique prior 
to electrodeposition of metallic coatings on aluminium (Wernick et al., 1987, Armyanov, et al., 
1982). Tin has been deposited on aluminium from various solutions such as sodium stannate and 
stannate sulphate fluoride solutions. Jongkind and Kendi (1966) and Stoychev et al. (1984) 
observed that stannate solutions could be employed as a means of enabling electrodeposited 
coatings to be bonded to aluminium. Stannate deposition on aluminium has limitations in terms 
of cost and efficiency compared to zincate pretreatment processes (Wernick et al., 1987 and 
Dennis and Such., 1993). In contrast to the tin immersion process, zincating is a relatively 
simple, cheap, and easily operated process especially for electroplating on a wide range of 
aluminium alloys. Different formulations have been developed for the zincate pretreatment 
process by Bullough and Gardam, Heiman, Zelley, Spooner and Seraphim, Wyszynski and 
others in 1950’s and 1960’s (Wernick et al., 1987). The original and simplest zincate solution 
comprises zinc oxide dissolved in excess sodium hydroxide and small amounts of ferric chloride. 
The drawbacks of the simple zincate solution were that they had to be operated differently for 
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various aluminium alloys and also adhesion of the electroplated layer on the aluminium was 
inconsistent. Alkaline process solutions are effective in removing oxides from aluminium 
surface, because aluminium oxide is more soluble in alkali than in acid. Aluminium is more 
electrochemically active than zinc and when it is immersed in a solution of sodium zincate, the 
oxide layer is removed by galvanic displacement. Zinc deposits effectively protect the surface 
from re-oxidation and thus provide a suitable surface for subsequent electrodeposition. The 
exchange process occurring during the zincate treatment of aluminium can be represented by 
equations 2.1 and 2.2 (Tang and Davenport, 2001 and Pearson, 2006); 
Al2O3 + 2NaOH + 3H2O                     2NaAl(OH)4      …………………………………….. ..(2.1) 
3Na2Zn(OH)4 + 2Al (substrate)                 2NaAl(OH)4 + 4NaOH + 3 Zn (deposited)  ..……….… (2.2) 
Equation 2.1 shows the aluminium dissolution reaction while equation 2.2 is the galvanic 
displacement reaction.  However, the level of adhesion obtainable from simple zincate solutions 
is quite limited because zinc deposits from the zincate solution tend to grow in an uncontrolled 
manner and produce spongy deposits (Justinijanovic and Despic, 1973 and Despic et al., 1976). 
The simple zincate solution was improved by the addition of copper, cyanide, tartrate, nitrate and 
sulphate ions. The modified solution known as the modified alloy zincate solution increased the 
effectiveness of the zincating process (Such and Wyszynski, 1965; Wyszynski, 1967). The 
resulting modified alloy zincate layer is thinner than the simple zincate version and has a finer 
grain structure. It also provides better adhesion and is more chemically resistant than that form 
the simple zincate solution. The zincating process involves removal of the oxide film formed on 
aluminium and formation of a layer to promote subsequent coatings on the aluminium, however, 
the kinetics of the zincate immersion process has not been addressed satisfactorily (Despic et al., 
1976; Lashmore, 1978 and Armyanov et al., 1982). Roberson et al. (1995) extensively studied 
the kinetics and electrochemical aspects of the zincate immersion process for aluminium and 
found that zincate immersion process is an exchange reaction, leading to partial dissolution of 
aluminium and subsequent deposition of zinc. Stoyanova and Stoychev (1997) also confirmed 
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that the zinc immersion process is an exchange process. According to Stoyanova and Stoychev 
(1997) the exchange process that occurs during the zincate treatment of aluminium is represented 
by the equations 2.3-2.8. 
3Na2Zn(OH)4 + 2 Al = 2NaAlO4 + 3Zn + 4NaOH + 4 H2O....................................(2.3) 
Equation 2.3 summarises the following partial reactions, which proceed simultaneously on the 
anodic and cathodic regions of the aluminium surface.  
Al + 3 OH-      =  Al(OH)
 3 + 3e-       .........................................................................(2.4) 
Al(OH)3        =  AlO2- + H2O + H+  ..........................................................................(2.5) 
[Zn (OH)4]2-      =  Zn2+  + 4OH –        ........................................................................(2.6) 
Zn2+ + 2e-        =   Zno                           ............................................................................(2.7) 
H++ e- = ½ H2                    ……... …………………………………………………..(2.8) 
Stoyanova and Stoychev (1997) concluded that anodic (aluminium dissolution) and cathodic 
reactions (zinc deposition) proceeding simultaneously are interdependent. The cathodic partial 
reaction was found to proceed under kinetic control at high zincate ion concentration and low 
sodium hydroxide concentration, while diffusion control is to be expected at low zincate ion and 
high sodium hydroxide concentration. However, the reactions that occur in a modified alloys 
zincate solution are more complex. Lashmore (1980) studied zinc deposition from a zincate 
solution, with or without additives and observed that an epitaxial relationship exists between the 
zinc deposit and aluminium. Aluminium dissolution in zincate solutions was not a randomly 
oriented process, but instead was occurring preferentially on certain crystallographic planes 
faster than others. He further found that zinc deposited from zincate solutions, initially forms 
epitaxial semi-continuous films on all the principal lattice planes of aluminium and further 
growth is continued in the form of larger separate crystallites that maintain the epitaxial 
relationship. 
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2.6.2 Factors affecting the characteristics of the zincate immersion film 
The zincate immersion process depends upon composition, alloy type, time, temperature and 
pretreatment process sequence (Golby et al., 1981; Wernick et al., 1987; Robertson et al., 1995).  
(a) Compositions of zincating solution 
The concentration of the zincate solution notably affects the film structure and adhesion of 
subsequent electrodeposits. Bailey in 1951 reported that the weight of the immersion zinc 
deposits obtained from both the dilute and concentrated zincate solutions show a marginal 
difference despite dilute solutions producing thicker coatings than the concentrated solutions 
(Wernick et al., 1983).  Wyszynski (1980) found that zinc deposits from dilute zincate solutions 
are irregular while deposits from concentrated solution are uniform and improve adhesion 
between aluminium and the subsequent coating. Such and Wyszynski (1965) found that the 
presence of nickel in the zincate solution improves the adhesion of nickel electroplated directly 
onto the zinc deposit. The most compact and adherent zinc films are obtained at high zincate 
concentration. 
(b) Alloy composition  
Each aluminium alloy responds differently to zincate immersion processes. The thermodynamic 
activity differences between the several phases present in the microstructure are to be expected 
as controlling factors, as well as the way in which those phases are distributed. Therefore they 
can give rise to the formation of corrosion cells, leading to the acceleration of corrosion on the 
matrix. Generally, intermetallic phases, due to their electrochemical activity, provide cathodic 
sites around which aluminium anodically dissolves. Local potential differences between alloy 
constituents may also contribute in depositing a zincate layer.  Keller and Zelley (1950) observed 
that the rate of film deposition from a simple zincate solution often varied for different alloys as 
a result of inherent differences in the solution potential characteristics of the alloys. The weight 
of zinc deposits on aluminium alloy also had a major influence on the corroion resistance of the 
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electrodeposit, the thinnest films providing the best underlay. Such and Wyszynski (1965) also 
claimed that aluminium alloy metallurgical structures affect the zinc deposition from zincate 
solution. Golby and Dennis (1981) studied the immersion of aluminium-silicon casting alloys in 
zincate solution and found there was preferential nucleation and growth of the zinc deposit on 
the eutectic regions due to potential difference between the silicon platelets and adjoining 
aluminium within the single phase non-eutectic regions. 
(c) Temperature  
Temperature has a considerable effect on the zincate immersion process. Keller and Zelley 
(1950) claimed that an increase in temperature of the zincate solution could improve deposition 
rate. Such and Wyszynski (1965) observed that the weight of zinc deposition from a modified 
alloy zincate solution increases with rise in temperature. Therefore, zincate solution could need 
controlled temperature conditions. 
(d) Time  
The immersion time also contributes to the zinc deposit. During double immersion, nucleation 
and growth of the film appears to occur at many more sites simultaneously. This, together with 
rapid film growth, produces an even more fine grained film. Golby (1981) observed that within 
five seconds of immersion in the zincate solution, zinc crystallites had nucleated preferentially 
around etch pits. While the whole surface was covered with zinc after thirty seconds and growth 
centres had started to coalesce. At prolonged periods of immersion a discontinuous flake like 
structure has been observed from modified alloy zincate immersion.  
(e) Pretreatment sequence 
The type of cleaning and etching procedure adopted before immersion in the zincate bath may 
have a significant influence on the deposit obtained. Keller and Zelley (1950) found that cleaning 
and etching prior to immersion in simple zincate solutions affects the weight of film deposited. 
Wyszynski (1980) found that an acid etch (50% v/v nitric acid) for different alloys prior to 
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immersion in modified alloy zincate solutions produced different behaviour. Golby and Dennis 
(1981) found that the immersion film morphology and its adhesion are influenced significantly 
by aluminium alloy response to the pretreatment sequence.  Monteiro et al. (1988) also observed 
that modification in the pretreatment sequence of aluminium could improve surface homogeneity 
and adhesion of further coatings. 
2.6.3  Mechanism and developments in the zincating process 
Bailey in 1950 suggested that dilute zincate solution gives coarse, thick deposits resulting in poor 
adhesion, whereas more concentrated solutions produce finer grained and more compact deposit 
giving much better subsequent adhesion. Such and Wyszynski (1965) found that film growths 
from concentrated simple zinacate solution were more dense and uniform than random and 
irregular growth produced from dilute simple zincate solution. In 1966, Saubestre and Morica, 
claimed that a concentrated solution containing ZnO (100 g/l) and NaOH (500 g/l) is preferable 
to a more dilute solution containing (25 g/l) ZnO and NaOH (125 g/l) and they further added that 
deposits from more concentrated solutions are thinner and more compact. Wyszynski (1967) also 
studied the characteristics of films from dilute and concentrated simple zincate baths. Thick, 
larger grained deposits and tree like structures were obtained from a dilute simple zincate 
solution containing ZnO (5 g/l) and NaOH (45 g/l), while fine grained, more compact deposits 
were produced using a concentrated simple zincate solution containing ZnO (100 g/l) and NaOH 
(500 g/l). Zincate solutions were improved with the addition of copper, nickel and iron with 
complexing agents such as cyanide and tartrate to keep the metals in solution. Zelley (1954) 
proposed a modified solution containing sodium hydroxide, zinc oxide, ferric chloride, 
potassium sodium tartrate, and sodium nitrate. Zelley (1954) claimed that modified zincate 
solution gave uniform zinc coverage of aluminium. He also observed that small amounts of ferric 
chloride in combination with tartrate ions improved adhesion of subsequent deposits. Numerous 
modifications (Zelley 1954, Such and Wyszynski, 1965) have been made to the simple zincate 
solution to obtain, fine-grained uniform and adherent type deposits.Wyszynski (1967) 
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recommended that this modified solution should satisfy the following requirements for 
commercial acceptability (Wernick et al., 1987): 
• The solution must produce thin, adherent zinc deposits and coverage of the aluminium 
surface must be complete. Similarly, dendritic growth must be discouraged and rapid 
nucleation should be promoted. 
• The solution should be dilute to minimize drag out and to enable more rapid penetration 
of blind holes and crevices. 
• Solution composition and processing cycle must be compatible with the main 
electroplating cycle to minimize dangers of cross contamination. The presence of metals 
inserted or attached to the aluminium should not influence adhesion. 
• The solution efficiency should be predictable by analysis and solution composition, 
correctable after analysis. The solution must be economical, chemically and physically 
stable during operation and storage. 
 
On the basis of the recommendations, Wyszynski (1967) proposed a modified zincate solution 
containing sodium hydroxide, nickel sulphate, nickel sulphate (hexahydrate), zinc sulphate, zinc 
sulphate (heptahydrate). In 1967, W.Canning Ltd also developed a modified alloy zincate 
solution for electroplating aluminium and its alloys known as Bondal solution. This solution was 
designed to produce improved adhesion over the simple zincating solutions and it also eliminated 
the need for depositing intermediate strike layers of copper, brass or nickel electroplating. The 
proposed solution included additional metals of copper, nickel and iron besides zinc. The most 
common constituents of the Bondal solution consisted of nickel sulphate, zinc sulphate, sodium 
hydroxide, potassium cyanide, potassium hydrogen tartrate, copper sulphate and ferric chloride.  
The Bondal dip develops a film on aluminium alloys which may then be electroplated directly 
with nickel, cyanide or pyrophosphate copper, brass, silver, tin, zinc or cadmium. The process is 
simple and easy to operate. It does not need to be heat treated to safeguard adhesion. These 
metals can be electroplated onto a wide range of alloys, including those containing up to 5% 
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copper, 9% magnesium, 1% manganese, 13% silicon or 6% tin. The standard Bondal 
pretreatment sequence is shown in Figure 2.3 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3: Standard Bondal process pretreatment sequence (W.Canning Ltd, 1967) 
 
The standard Bondal process has become accepted as the preferred pretreatment method for 
aluminium and its alloys, prior to electroplating. However, it contains a small quantity of cyanide 
and has led to the development of a cyanide free Bondal solution. The non-cyanide Bondal 
process operates at a lower concentration, reducing drag out losses. The pretreatment sequence 
for the cyanide free Bondal solution for casting and heat treated alloys is shown in Figure 2.4. 
 
Nitric acid dip 25oC for 1 min 
Degrease in trichloroethylene liquid /  
vapour degreaser or 
Soak clean in minco cleaner at 
65oC for 3 min 
Cathodic cleaning in Bondal solution  
at 65oC  20 sec 
 
Nickel electroplate at 15-30oC for  
20-120 sec  
Bondal dip 
At 15–30oC for 20-120 sec  
Rinse in cold running water 
Rinse in cold running water 
Rinse in cold running water 
Rinse in cold running water 
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                                  (a)                                                                      (b) 
 
Figure 2.4: Preteatment process sequence for (a) aluminium casting alloys (b) heat treated  
aluminium alloys using Bondal solution (W.Canning Ltd,1967). 
 
Such and Wyszynski (1965) found that the presence of nickel in the zincate solution is beneficial 
in promoting adhesion of nickel that is electroplated directly to the zincated layer while, copper 
 
Soak clean using (Minco cleaner) 
65-80oC for 3-5 min 
 
Cathodic clean using Bondal cleaner 
40-50oC for10-30 sec 
Bondal dip (cyanide free)  
at room temp for 60-120 sec 
Water rinse 
Electroplating 
 
Desmut (nitric/fluoride) acid at room 
temp for 15-30 sec 
 
Water rinse 
Water rinse 
Water rinse 
Water rinse 
Water rinse 
Soak clean (Minco cleaner) at 
65-80oC for 3-5 min 
 
Cathodic clean (Bondal cleaner)   
at 40-50oC for 10-30 sec 
 
Desmut (nitric/fluoride) acid at 
room temp for 15-30 sec 
 
Bondal dip (cyanide free) 
at room temp for 60-120 sec 
 
Film strip in 50 % Nitric acid 
at 40 sec for 1 min 
 
Bondal dip (cyanide free) at 
           room temp for 30-60 sec 
 
Water rinse 
 
Electroplating 
 
Water rinse 
 
Water rinse 
 
Water rinse 
 
Water rinse 
 
Water rinse 
 
Water rinse 
 
Water rinse 
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was also found useful for certain alloys. However, in excess amount, the presence of copper in 
the solution caused unsatisfactory adhesion. Wyszynski (1967) reported that ferric chloride 
behaves as a “grain refining substance” resulting in a smooth film. Wyszynski (1980) claimed 
that the solution containing Cu, Zn, Ni and Fe provided better performance than a simple zincate 
solution. Monteiro and Ross (1990) seem to agree with the studies of Such and Wyszynski 
(1965), and Wyszynski (1967 and 1980) and observed that the presence of certain elements in 
the modified alloy zincate solution tend to concentrate at the substrate/film interface. These 
elements may reinforce bonding strength between the zincate layer and substrate, making the 
deposit more adherent. The presence of copper might be one of the fundamental factors 
contributing to this improved adhesion. It was observed that the addition of ferric chloride and 
tartrate improves uniform coverage and could be used on a wide range of aluminium alloys 
(ASTM: B-253, 1987).  Zipperian (1987) found that iron (III) added to the zincate bath is 
reduced predominantly to iron (II), with very little metallic iron being deposited in the 
immersion coating and further reported that the zinc coatings were more crystalline in the 
presence of ferric chloride.  Robertson and Ritchie (1997) studied the role of iron (III) and 
tartrate in the zincate immersion process and found that the addition of tartrate alone did not 
significantly affect the rate of zinc deposition and morphology. Tartrate helps in reducing the 
size of the zinc crystals as they are formed, and this produces a thinner and more compact zinc 
immersion film. Ferroni et al. (2000) also concluded that ferric chloride and tartrate helps in 
better deposition of the zincate layer from modified alloy zincate solution. 
Iron and copper modified zincate solution has been used commercially in the electroplating 
industry. These additives assist in controlling the rate of copper deposition and growth rate and 
morphology of the zincate coating. Copper modified zincate, which contains nickel, iron and 
cyanide, can be applied to a wide range of alloys. Pretreatment of aluminium alloys involving a 
modified alloy zincate containing cyanide requires a more environmentally acceptable and safer 
process. Pearson and Wake (1997) studied a cyanide free modified alloy zincate process for 
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pretreatment of pure aluminium and compared it to that from cyanide containing process and 
proprietary non cyanide process as shown in Figure 2.5.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: Pretreatment sequence using three different modified alloy zincate solutions (Pearson 
and Wake., 1997). 
 
Soak cleaning in non-silicate cleaner  
for 5 min at 60oC 
Etch in alkaline etchant for 30 sec at     
60oC 
 
Acid dip in 50% Nitric acid 
for 40 sec at 25oC 
Modified alloys zincate for 60 sec at 
 25oC (Using cyanide, non-cyanide and 
proprietary non-cyanide solution) 
 
Electroplating in Watts nickel for 20 min 
4A/dm2 
Electroplating in cyanide copper 
for 4 hours 2A/dm2 
Water rinse 
Water rinse 
Water rinse 
Water rinse 
Water rinse 
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Pearson and Wake (1997) studied pretreatment of extrusion and casting aluminium alloys using 
non-cyanide modified alloy zincate. Nitric acid and hydrofluoric acid were replaced by a 
proprietary oxidizing solution. They found that extrusion alloys can be treated without fluoride 
and nitric acid by using a proprietary oxidizing acid dip. Similarly, casting alloys can be treated 
without nitric acid or hydrofluoric acid by using a combination of proprietary oxidizing solution 
and ultrasonic agitation. Pearson and Wake (1997) observed that both copper modified alloy 
zincate (cyanide containing and non-cyanide containing) were very similar, each producing an 
alloy containing 16% copper. These two test solutions produced low coating weights, resulting in 
higher adhesion. They also concluded that cyanide free modified alloy zincate processes are 
capable of producing equivalent adhesion to cyanide containing processes. 
The distribution of the various elements present in the films obtained by a modified alloy zincate 
solution treatment on commercial purity was carried out by Monteiro and Ross (1984 and 1985). 
They concluded that modified alloy zincate may reinforce the bonding strength between zincated 
layer and aluminium substrate thus making the deposit more adherent to the coating and zinc was 
the main component of the film, however an appreciable concentration of copper was found 
towards the film/substrate interface. Monteiro and Ross (1984 and 1985) further concluded that 
the concentration of copper exceeds that of zinc at the early stage of film deposition from the 
modified alloy zincate solution. As the film thickens, the concentration of copper decreases and 
that of zinc starts to dominate. Iron and nickel seem to be present at very low levels throughout 
the film. For a single dip from a modified alloy zincate solution, the level of aluminium dcreases 
rapidly to low levels as the deposit grows. However, in a double dip, the level of aluminium 
keeps on decreasing with the film growth. The elemental distribution on commercial pure 
aluminium for single dip and double dip are shown in Figures 2.6 and 2.7. The elemental 
distribution has been expressed as atomic percentage of the main constituents versus distance 
from the top surface (0.2 µm thick for single and 0.15 µm for double dips). 
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Elemental distribution after single Bondal dip
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Figure 2.6: Auger electron spectroscopy of zincate film deposits on 99.0% aluminium after 90 
sec of single dip in modified alloy zincate solution (Monteiro and Ross, 1985). 
Elemental distribution after double Bondal dip
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Figure 2.7: Auger electron spectroscopy of zincate film deposits on 99.0 % aluminium after 90 
sec of double dip in modified alloy zincate solution (Monteiro and Ross, 1985). 
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2.6.4 Double zincating process 
The conventional zincating process has been modified by the addition of other additives to the 
simple zincate solution and also by a change in the pretreatment process sequence. The use of a 
double dip technique known as the “double zinc immersion process” has emerged as an 
improvement to the zincate immersion process. The process involves stripping off the first 
immersion film in a suitable acid and forming a second film leading to improved performance. 
This method has been useful in electroplating alloys which are normally difficult to electroplate 
satisfactorily by the simple immersion method. Compared to a single dip, the film growth during  
a double dip appeared to be much more rapid followed by a more steady state of surface 
coverage with the crystallites being smaller and more compact (Wernick et al., 1987). Various 
studies have been carried out to explore surface characterisation of aluminium substrates using 
single and double zincate immersion process. 
Golby (1981), Golby and Dennis (1981) studied the effect of pretreatment sequences on the 
nature of the immersion films for five different alloys. Four different pretreatment sequences 
were adopted as shown in Figures 2.8 and 2.9. They confirmed that the double dip has significant 
advantage over the single dip as a finer grain structure and more coherent film is obtained. Zinc 
deposits initially occurred preferentially around the etch pits. As deposition progresses, growth 
centres start to coalesce resulting in a uniform size of zinc deposits. It confirmed Wyszynski’s 
(1967) claim that film growth in an alloy zincate solution started to develop after reaching a 
critical thickness. It was also observed that an acid etch may attack the micro-constituents and 
precipitates in comparison to matrix. Acid etching failed to remove all the micro-constituents and 
precipitates and they remained around the edges or bottom of the etch pits. When the first zincate 
layer is removed by stripping in acid, the surface of the aluminium becomes uniform and active. 
The surface of each alloy responded differently when subjected to an identical pretreatment and 
behaved in a different manner when an acid etch was the only stage in the pretreatment to be 
altered. 
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                                   (a)                                                                    (b) 
 
 
Figure 2.8: Nickel electroplating on aluminium following a single dip in modified alloy zincate 
solution, pretreatment process sequence with (a) nitric acid (b) nitric acid and hydrofluoric acid 
used as desmut solution (Golby and Dennis, 1981). 
 
 
 
 
 
 
 
 
 
Degreasing using Acetone 
 
Cathodic alkaline cleaning  
for 2 min at 60oC 
 
Dip in 50 % HNO3 
for 1 min 
Modified alloy zincate solution 
at room temp for 2 min 
Nickel electroplating for 60oC 
 at 4A/dm2 
Water rinse 
Water rinse 
Water rinse 
Water rinse 
 
Degreasing using Acetone 
 
Cathodic alkaline cleaning  
for 2 min at 60oC 
 
Dip in 50 % HNO3 + 5% HF acid 
for 1 min 
Modified alloy zincate solution 
at room temp for 2 min 
Nickel electroplating for 60oC 
 at 4A/dm2 
Water rinse 
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Figure 2.9: Nickel electroplating on aluminium following a double dip in modified alloy zincate 
solution, pretreatment process sequence with (a) nitric acid (b) nitric acid and hydrofluoric acid 
used as desmut solution (Golby and Dennis, 1981). 
Degreasing using Acetone 
Cathodic alkaline cleaning  
for 2 min at 60oC 
 
Dip in 50 % HNO3  
for 1 min 
Modified alloy zincate solution 
at room temp for 2 min 
Nickel electroplating   
for 60oC at 4A/dm2  
Cathodic alkaline cleaning 
 at room temp for 2 min 
Water rinse 
 
Dip in 50 % HNO3  
for 1 min 
Modified alloy zincate solution 
at room temp for 2 min 
Water rinse 
 
Water rinse 
 
Water rinse 
 
Water rinse 
 
Water rinse 
 
Water rinse 
 
Degreasing using Acetone 
Cathodic alkaline cleaning  
for 2 min at 60oC 
 
Dip in 50 % HNO3 + 5 %HF 
acid for 1 min 
Modified alloy zincate solution 
at room temp for 2 min 
Nickel electroplating   
for 60oC at 4A/dm2  
Cathodic alkaline cleaning 
 at room temp for 2 min 
Water rinse 
 
Dip in 50 % HNO3 + 5 % HF 
for 1 min 
Modified alloy zincate solution 
at room temp for 2 min 
Water rinse 
 
Water rinse 
 
Water rinse 
 
Water rinse 
 
Water rinse 
 
Water rinse 
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Monteiro and Ross (1984 and 1985) studied pure aluminium behaviour using modified alloy 
zincate solution for single and double dip to observe the way in which the film nucleates and 
grows to cover the surface. Processing sequence for single and double dip in modified zincate 
solution is shown in Figure 2.10.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b)  
 
Figure 2.10: Pretreatment process sequence using (a) single dip and (b) double dip in modied 
alloy zincate solution (Monteiro and Ross, 1984). 
Acid etch (50% v Nitric acid + 20% 
v HF acid) at 20-25oC for 1 min 
Degreasing using acetone at 
room temperature for 2 min 
Alkaline cleaning (50 g/l NaOH) at  
50oC for 1 min 
Water rinse 
Water rinse 
Modified alloy zincate solution 
at room temperature for 1-180 sec 
 
Water rinse 
Nickel electroplating 
Modified alloy zincate solution 
at room temperature for 90 sec 
Acid etch (Nitric acid+Conc.HF 
acid) at 20-25oC for 1 min 
Degreasing using acetone at 
room temperature 2 min 
 
Cleaning at 50oC for 1 min 
Water rinse 
Nickel electroplating 
Acid etch (Aqueous 50% v Nitric 
acid) at 20-25oC for 30 sec 
Modified alloy zincate solution 
at room temperature for 1-180 sec 
Water rinse 
Water rinse 
Water rinse 
Water rinse 
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Monteiro and Ross (1984 and 1985) claimed that the rate of film growth during a double dip is 
more rapid, because the second acid treatment after the first dip in zincate solution develops a 
reasonably rough, homgenous and oxide free surface. It results in nucleation of a film at many 
sites, leading to faster and more efficient surface coverage. The film deposited from the double 
dip in zincate solution consisted of smaller crystallites and are more compact.  
Lin and Chang (1996) studied surface characteristics using multiple zincating techniques for 
aluminium and confirmed that the initial zincating stage produced a rough surface, however, 
deposits became smoother after a second zincating process.  
2.6.5 Pretreatment of casting and extrusion aluminium alloys 
Pearson (2006) extensively studied the pretreatment process sequence for casting and extrusion 
alloys. The pretreatment sequence for casting alloys consist of degreasing using very mild 
alkaline cleaners to remove grease from the surface and prepare the surface for etching. Usually, 
these cleaners are silicate free because silicates form a tenacious film on the surface that can 
interfere with subsequent processing. Etching is carried out after degreasing using alkaline 
etchants. It is important to avoid over etching of casting alloys because of underlying porosity. It 
is also essential that after alkaline etching, casting alloys are well water rinsed. During alkaline 
etching, the insoluble components of the casting alloys remain on the surface in the form of a 
black smut which is loosely adhered and if not removed, will lead to poor adhesion of the 
electroplated coatings. 
 Desmuting follows after alkaline etching, using a mixture of nitric and hydrofluoric acids and 
sometimes sulphuric acid. A common composition is 50% nitric acid, 5% hydrofluoric acid or 
ammonium bifluoride and 5% sulphuric acid. This strong acid mixture effectively removes smut 
from the surface without over-etching the aluminium. Casting alloys must be rinsed well after 
desmuting to remove all traces of free acid from the surface. The casting alloys are then 
immersed in zincate solution at ambient temperature for 60-90 seconds. After zincating, the 
casting alloy is rinsed and ready for electroplating. However, the adhesion of subsequent 
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electrodeposits is often improved using a double dip sequence. In this process, the initial zincate 
coating is removed by dissolving it in either 50% nitric acid or a proprietary oxidising acid dip 
and then reapplied again. The second zincate coating is thinner and more compact than the first 
coating and yields higher adhesion than the single dip sequence (Pearson, 2006). 
 Extruded aluminium alloys generally need slightly a different pretreatment process sequence 
from that of cast aluminium alloys. Due to the presence of alloying elements, a tenacious oxide 
layer is formed on the extrusion. Alkaline etching will not dissolve the oxide formed by alloying 
elements, since it etches the aluminium only. Therefore alkaline etching is normally avoided in 
the pretreatment of extrusion alloys. The extruded aluminium is then rinsed thoroughly in water 
and then treated in an oxidizing acid dip to remove surface oxidation and metallic smut. The 
aluminium is then again rinsed thoroughly and a second zincating is applied using the double dip 
procedure. This is essential for the processing of extrusion alloys because of their relatively high 
structural hardness (Pearson, 2006). Pearson (2006) concluded that the processing of aluminium 
alloys depends upon many factors as follows :  
 (i)  Alloy composition of the aluminium alloys. 
(ii)  Degree of heat treatment of the aluminium alloys. 
(iii) What metal is to be deposited, as the first coating onto the zincated layer. 
(iv) Rinsing water is clean and within the required pH range.  
(v) Different aluminium alloys need a suitable pretreatment process sequence. Double dip should   
be used in the process sequence where it is needed. 
(v) Temperature and pH of the solution is known and the current should be applied immediately 
to the components. 
The pretreatment sequence for casting alloys and extrusion alloys are shown in Figure 2.11. 
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Figure 2.11: Pretreatment process sequence for (a) casting aluminium alloys and (b) heat treated 
extrusion aluminium alloys (Pearson, 2006). 
Degreasing 
(Silicate free mild alkaline solution) 
 
Alkaline etching 
 
Desmutting (Nitric acid+hydrofluoric 
acid and optional sulphuric acid) 
 
Water rinse 
 
 
First zincate immersion  
 
Second zincate immersion 
 
Electroplating (nickel, copper, 
chromium) 
 
Acid dip (Nitric acid+hydrofluoric 
acid and optional sulphuric acid) 
 
Water rinse 
 
Water rinse 
 
Water rinse 
 
Water rinse 
 
Water rinse 
 
Mild alkaline cleaning (using 
ultrasonic agitation) 
 
Alkaline etching 
 
Desmutting (proprietary oxidizing 
acid) 
 
Water rinse 
 
 
First zincate immersion  
 
Second zincate immersion 
 
Electroplating (nickel, copper, 
chromium) 
 
Acid dip (proprietary oxidizing acid) 
 
Water rinse 
 
Water rinse 
 
Water rinse 
 
Water rinse 
 
Water rinse 
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Various studies have been reviewed for the pretreatment of aluminium and its alloys. From the 
literature reviewed in the previous section 2.6, pretreatment of aluminium and its alloys could be 
summarized as follows; 
(1)  It is not possible to develop a universal process sequence for all aluminium alloys, 
because they exhibit very different microstructures and electrochemical behaviour. The response 
of the various alloys to a specific pretreatment sequence is dependent on their metallurgical state, 
i.e. whether alloying or impurity elements are finally dispersed in solid solution or present as 
intermetallic constituents. The properties of phases at the surface of the aluminium alloys govern 
their chemical and electrochemical activities. 
 (2)   Aluminum and its alloys require specific surface preparation for successful deposition. 
Special treatment is necessary because of the high position of aluminium in the electromotive 
series and because of rapidly formed natural oxide film. The oxide films that develop prevent 
metallic bonds from forming between the coating and the substrate and can result in adhesion 
failure. To avoid this problem, deoxidizing and zincating are required. The activated aluminium 
surface is protected by a zincate treatment followed by a second zincate. This gives a strong 
surface with a high surface area for enhanced adhesion of the subsequent metal electrodeposits. 
After the zincating, a nickel strike, a cyanide or alkaline copper strike are applied followed by 
the specified metal deposits but both processes fail to eliminate surface roughness, coverage and 
adhesion for subsequent deposits. Electroless nickel deposition is a favorable technique for the 
complex parts to be electroplated as uniform deposits can be achieved not only in sharp edges 
but also in deep recesses. These would be difficult to plate with electrolytic processes because of 
current density variations across the surface. Electroless nickel deposition is reviewed in next 
section as an undercoat for duplex/chromium electrodeposition onto aluminium. 
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2.7 Electroless nickel process mechanism and its use in the electroplating industry 
Electroless nickel deposition is a versatile technique for surface treatment and preparation of a 
variety of components used in the automotive, chemical, aerospace, electronics and machinery 
industries (Riedel, 1991; Wing and Linda, 1997). Some characteristics of these coatings are 
superior corrosion and wear resistance, wide range of thickness and also include better 
mechanical and physical properties, good solderability, and surface lubricity (Baudrand, 1983). 
One of the  most outstanding characteristics of electroless nickel coatings is its ability to 
electroplate uniformly regardless of geometry of the component (intricate part) and  it makes it 
ideal for a wide range of applications in metal finishing industries (Taheri, 2003).  Autocatalytic 
deposition commonly called “electroless electroplating” relies on chemical reaction to supply the 
necessary electrons. Nickel is not deposited by galvanic displacement but instead the process 
depends on certain metals, including nickel itself, to act as a catalyst for the reduction process. 
Theoretically, unlimited thickness can be achieved, once deposition has been initiated (Dennis 
and Such, 1993). The electroless nickel coating process is based on a redox reaction in which a 
reducing agent is oxidized and nickel ions are reduced on the surface of the substrate materials. 
Once the first layer of nickel is deposited, it acts as a catalyst for the process. Consequently, a 
linear relationship between coating thickness and time usually occurs. 
Generally electroless nickel electroplating involves the co-deposition of Ni-P or Ni-B. In both 
cases the presence of a catalytic surface is necessary to ensure continued deposition. Reducing 
agents such as sodium hypophosphite, sodium borohydride, amine boranes and hydrazine have 
been used for industrial deposition of autocatalytic coatings. If the reducing agent is sodium 
hypophosphite, the deposit obtained will be a nickel-phosphorus alloy. Deposits from acidic 
nickel-phosphorus bath are identified by phosphorus content e.g. very low phosphorus (1-3%), 
low phosphorus (3-6%), medium phosphorus (6-9%) and high phosphorus (9-12%) [Graham et 
al., 1965; Luke, 1986; Baudrand and Bengston, 1995; Duncan, 1996; Zhang and Yao, 1999; 
Appachitei and Duszczyk, 2000; Tatchev et al., 2003]. Nickel-boron baths are formulated using 
an amine borane as the chemical reducing agent (Delaunois et al., 2000). Ternary alloys have 
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also been developed. These include Ni-Cu-P, Valova et al. (2005), Ni-W-P, Yong et al. (2006) 
and Balaraju et al. (2006), Ni-Co-P, Narayanan et al. (2003) and Aal et al. (2008). The co-
deposition of particulate matter such as oxides, carbides, ceramics, insoluble powders, boron, 
diamonds, and polytetrafluoroethylene (PTFE) with electroless nickel coatings to enhance wear 
resistance is known as electroless composite coating. Various systems have since been used for 
obtaining composite coatings, Ni-P-Al2O3 (Balaraju et al., 2006), Ni-P-SiC (Zhang et al., 2008), 
Ni-P-B4C (Vaghefi et al., 2003), Ni-Fe-P-and Ni-Fe-P-B (Wang et al., 2002) Ni-P-PTFE (Zhang 
et al., 1997, Zhao et al., 2002). Electroless copper metallic coatings also have been developed. 
The electroplating bath contains a source of metallic ions (copper sulphate), a reducing agent 
(formaldehyde, sodium hypophosphite), and complexing agents sodium hydroxide, potassium 
titrate, thiourea, and vanadium as a stabilizer (Matsuoka, et al., 1992). 
Reidel (1991) extensively studied electroless nickel deposition and summarized that it possesses 
a unique combination of the following characteristics: 
• It is a simple and safe technique. Applicable to substrates of complicated shapes and sizes 
and develops coatings of uniform thickness. 
• No electric current flow is required which reduces the complexity of process control. 
 
The basic requirements of the process are heating, agitation and filtration. However, unlike that 
of conventional nickel electroplating, the electroless process requires close control of the 
variables (Strafford et al., 1982). There are numerous parameters that affect the nickel deposition 
rate from the electroless nickel process (Baudrand, 1983., Reidel, 1991). These parameters are as 
follows; (i) Bath Temperature (T) (ii) Bath pH (iii) Nickel ion concentration (iv) Reducing agent 
concentration (v) Loading in the bath (vi) Bath agitation. 
Electroless nickel is now being used in an enormous number of applications in the electroplating 
industry, especially in corrosion protection of aluminium and steel (Baudrand and Durkin, 1998; 
Durkin et al., 1999 and Durkin, 2004). Ninety percent of autocatalytic nickel deposits are 
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deposited by catalytic reduction of nickel ions with sodium hypophosphite (NaH2PO2), which 
produces nickel/phosphorus alloys deposits. The redox potential of the hypophosphite is -1.065 
volts at pH 7 which becomes -0.88 volts at pH 4.5 values. Hypophosphite is thus an ideal 
reducing agent for nickel ions over a considerable pH range. The metallic reduction of nickel 
using hypophosphite is very complex, as the kinetics of the chemical reactions in the electroless 
deposition govern not only the rate of metal deposition but also chemical and physical properties 
needed from the electroless nickel bath (Luke, 1986), 
The reduction mechanism of phosphorus which is codeposited with nickel as Ni-P has not been 
completely elucidated, and remains to some extent, contentious. In 1960 Gutzeit, suggested that 
nickel ions were catalytically reduced by means of the active atomic hydrogen with simultaneous 
formation of orthpophosphite and hydrogen ions. Gorbunova (1967) concluded that electroless 
nickel deposition cannot be solely chemical but is controlled by an electrochemical mechanism, 
where catalytic oxidation of the hypophosphite yields electrons at the catalytic surface which in 
turn reduces nickel and hydrogen ions. Electroless nickel process involves simultaneous coupled 
electrochemical reactions, one anodic, the other cathodic, occurring at the substrate surface. The 
anodic half reaction is expressed as in equation 2.9.  
      [H2PO2]- + H2O                    [H2PO3]-  +  Hads +  H+  + e-  .........................................(2.9) 
Atomic hydrogen is released as a result of the catalytic dehydrogenation of the hypophosphite 
molecule adsorbed at the surface. The hypophosphite anion is reduced to phosphite anion 
catalytically. The hydrogen is formed partly as a proton, as atomic hydrogen and Hads which is 
adsorbed at the substrate surface. The adsorbed hydrogen combines with another Hads to form 
hydrogen gas. The formation of protons results in an increase in acidity, first near the substrate 
and then through the bulk solution (Riedel, 1991). The cathodic reactions are outlined as follows 
in equations 2.10-2.12. 
             Ni2+ + 2e-             Ni ..........................................................................................(2.10) 
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[H2PO2] -  +  2H+  +  e-                 P  +  2 H2O ………………………………………(2.11) 
2H+  +  2e-                  H2     ..........................................................................................(2.12) 
Equations 2.10-2.12 represent formation of metallic nickel, phosphorus and hydrogen. 
Combining equations 2.9 and 2.10, overall Ni-P reaction is obtained as equation 2.13 
Ni2+  +  2 [H2PO2]-  +  2H2O                 Ni + 2 [H2PO3]- +  2H+  +  H2 ..........................(2.13) 
The reaction as shown in equation 2.13 shows that the deposition of metallic nickel is 
accompanied by hydrogen evolution. 
Summing reactions as shown in equations 2.9 and 2.11 explains phosphorus formation as 
expressed in equation 2.14. 
 2[H2PO2]-  +  H+               P  +  [H2PO3]-  +  Hads  +  H2O................................................. (2.14) 
Summing reactions as shown in equations 2.9 and 2.12 explains catalytic decomposition of 
hypophosphite as expressed in equation 2.15.  
 [H2PO2]- + H2O  + H+ + e-              [H2PO3]- +  Hads  +   H2 .............................................(2.15) 
 
Mallory et al. (1990) and Ruffini et al. (1997) found that electroless nickel deposition is a 
heterogeneous reaction due to non-uniform distribution of nickel ions and sodium hypophosphite 
throughout the electroplating solution. The reaction does not occur in the bulk of the 
electroplating solution but rather at the interface of the solution and the catalytic surface. They 
concluded that two conditions must be fulfilled for the reaction to occur. First, the interface must 
be a catalytically active site for the oxidation of hypophosphite to occur readily, adsorbing the 
hydrogen and secondly the reactants must easily migrate to this site for the reaction to continue 
and propagate itself. The requisite migration of the dissolved ions to the catalytic surface can 
occur either by diffusion or solution agitation (convection). During the electroless nickel process, 
charged species tend to adhere to stationary solid surfaces and there is depletion of ions at the 
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electroplating surface. As a result, a concentration gradient is established which leads to 
development of a diffusion layer.  
Optimum performance of the mechanical and physical properties of electroless nickel deposits 
will depend upon absence of pores, nodules, pits and intrinsic stress. It has been found that 
electroless nickel film defects can be directly correlated to the deposition mechanism itself and 
film growth during the electroplating process This variation in electroless Ni-P deposit 
composition has a significant effect on the microstructure and performance characteristics 
(Tomilson and Mayor, 1988). Phosphorus content during electroless nickel deposition controls 
the microstructure of the coating such as whether it is crystalline, amorphous, or a co-existence 
of both (Martyak, 1993).  Zhang and Yao, (1999) observed that electroless nickel coatings with 
very low phosphorus content are equiaxed and microcrystalline. Yamasaki et al. (1981) and Hur 
et al. (1990) also concluded that low phosphorus deposits are crystalline, containing a 
supersaturated solid solution of phosphorus in the nickel lattice. Luke (1986) claimed that a 
number of crystalline non-equilibrium phases are present due to the compositional in-
homogeneity prevailing in the Ni-P deposited layer. According to Park and Lee (1988), an 
increase in phosphorus content produces amorphous deposition due to an increase in lattice 
distortion caused by phosphorus atoms situated in the interstitial positions with the nickel 
crystals. Crystallographic defects due to phosphorus content produce internal stress in the 
electroless nickel deposit which affect the mechanical and corrosion resistance properties of 
electroless nickel coatings. Duncan (1996) proposed that the microstructure of electroless Ni-P 
deposits changes with phosphorus content and claimed that internal stress changes from tensile 
to compressive stress with increase in phosphorus content. He also found that intrinsic stress in 
the electroless nickel deposit can be influenced by use of the bath solution for longer periods. As 
electroless nickel bath ages, reaction by-products accumulate and begin to deposit. It results in 
increase in stress and the deposits become more nodular (Chen et al., 2003).  
Randin and Hintermann (1967) claimed that a gradual transformation would take place to the 
nickel-phosphorus deposit when heat treatment is applied. Zhang and Yao (1999) conducted a 
  
66 
comprehensive study on the microstructure of electroless nickel deposits due to heat treatment. 
They observed that the nickel deposit is a microcrystalline, face centered cubic structure after 
one hour of annealing at 200oC and also there is no evidence of any second phase compounds 
such as nickel phosphide. Ni-P deposits are a body centered cubic structure after annealing at 
400oC for one hour and there is also evidence of second phase compounds such as Ni3P in the 
structure. Increasing the annealing temperature up to 600oC, Ni-P deposits result in a coarse 
structure. La-Plante (2005) observed that heat treatment of electroless nickel deposits results in 
higher strength. 
2.7.1  Use of electroless nickel as an undercoat in the electroplating industry 
It has been observed that multilayer systems of coatings have superior resistance to crack 
propagation than coatings with a simple single layer (Voorwald et al., 2007). Doong et al. (1993) 
observed that the use of electroless nickel increased adhesion, hardness and corrosion resistance, 
when a titanium/nickel coating was deposited onto medium carbon steel by a physical vapour 
deposition process using an electroless nickel interlayer. Nascimento et al. (2001) claimed that 
an electroless nickel interlayer could increase the fatigue resistance of chromium electroplated 
steel. Similarly, Voorwald et al. (2007) reported that an electroless nickel interlayer resulted in 
an increase of the fatigue strength of hard chromium electroplated AISI 4340 steel as it was 
capable of restricting the propagation of cracks from the hard chromium external layer. Creus et 
al. (1998) found that use of intermediate electroless nickel layers in double layer coatings of 
CrN/TiN and CrN/Ni onto steel increased the corrosion resistance of chromium nitride coatings. 
Chen et al. (2002) studied electroless nickel-phosphorus as an interlayer for chromium 
nitride/electroless nickel coatings on mild steel and found that the surface hardness of the 
chromium/nickel coating modified by an electroless nickel-phosphorus interlayer exhibited 
higher values. The corrosion performance of the coatings was also improved. Subramanian et al. 
(2000) also found that an electroless nickel undercoat with a titanium nitride coating onto copper 
and brass provide a better wear resistance. Wu and Duh (2000, 2002) studied sputtered 
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chromium nitride deposits on mild steel with an electroless nickel intermediate layer and claimed 
that it exhibited better strength. 
2.7.2 Electroless nickel deposition onto aluminium  
Autocatalytic Ni-P coatings on aluminium exhibit good corrosion protection, increased 
resistance to abrasion and wear, high hardness, good solderability, electrical conductivity, and 
decorative appeal. It is because of one or more of these properties that autocatalytic nickel 
electroplated aluminium has replaced steel and other substrates. Cabrera et al. (2006) studied 
electroless nickel deposits of 40 µm in thickness on 7000 series aluminium alloys and found that 
the electroless coating could improve fatigue and corrosion resistance of the aluminium 
substrate.  Jin et al. (2004) also studied adhesion of electroless nickel deposits on Al 6000 alloys 
with both conventional and modified alloy zincate solution with ultrasonic agitation. The 
investigation claimed that ultrasonic agitation increased the nucleation density of zinc particles 
and also refined the particles. The adhesion strength of the electroless nickel layer deposited on 
the modified zincate layer surface was observed to be higher than that on the conventionally 
zincated surface. Lonyuk et al. (2007) studied fatigue behaviour of wrought aluminium coated 
with high phosphorus content Ni-P and heat treated. The investigation claimed that fatigue 
performance of the aluminium alloys was significantly improved. Aal et al. (2008) studied film 
deposition from a Ni-Co-P electroless bath onto Al 6061 and found that Ni-Co-P coated alloys 
had higher corrosion resistance, high hardness than a Ni-P coating. Valova et al. (2005) found 
that deposition of a thin Ni-Cu-P film as an undercoat on aluminium substrate provided a 
homogenous catalytic surface for subsequent electroplating. Yong et al. (2006) claimed that 
electroless Ni-W-P on aluminium alloys could improve the properties of electroless Ni-P 
coatings. Electroless nickel deposition could be used to produce ultra high solar absorber 
coatings on aluminium alloys (Saxena et al., 2006).  Apachitei and Duszczyk (2000) observed 
that the abrasive wear resistance of as-deposited autocatalytic nickel phosphorus on Al 6063-T6 
could be improved by decreasing the phosphorus content and by co-deposition of silicon carbide 
particles in the nickel phosphorus matrix. However, there are many difficulties associated with 
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successful nickel deposition onto aluminium.  Baudrand (2002) summarized problems associated 
with electroless nickel deposition as follows: 
• The natural oxide film must be removed before electroless nickel deposition. Aluminium, 
being a chemically active metal, reacts with different metal ions present in the solution 
resulting in non-adherence. 
• Due to galvanic action of aluminium, coatings on aluminium must be free of any pits or 
other discontinuities and should be of sufficient thickness to ensure good protection. 
• Difference in the coefficients of thermal expansion of aluminium and nickel deposits 
develops stress at the deposit interface, which can result in adhesion failure.  
• The aluminium develops a corrosion cell due to insoluble and non-uniformly dispersed 
alloying elements and it accelerates the corrosion rate with the nickel coatings.  
 
The chemical composition of aluminium alloys affects the structural components which form the 
precipitated phases and leads to an uneven dissolution of the surface during the pretreatment. 
The roughening of the substrate and the different phases enhance the inclusion of hydrogen 
during electroless nickel deposition on aluminium substrate (Mallory and Hadju, 1990). 
Although various methods have been proposed and commercially used to prepare alloys for 
autocatalytic nickel deposition, there is no single method suitable for all aluminium alloys. In 
general aluminium is first cleaned to remove organic surface contamination, followed by etching 
to eliminate solid impurities and alloying constituents from the surface and desmutting to remove 
the oxide film, and then coating with a zincate barrier layer to prevent re-oxidation (Golby, 1981 
and Monteiro and Ross, 1984 and 1985). Baudrand, (1999, 2002) claimed that double zincating 
provides maximum adhesion and smoothness for electroless nickel deposition. He further 
suggested that over etching in an alkaline cleaner should be avoided as it leaves behind alloying 
constituents developing capillary spaces that entrap the solution which may bleed out in the 
electroless nickel bath. Mild acid etching is preferred as it attacks the alloying constituents of 
  
69 
aluminium alloy. The zincated aluminium should be rinsed well before entering the solution. He 
suggested electroless nickel deposition process sequence as shown in Figure 2.12. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.12: Electroless nickel deposition process sequence on aluminium (Baudrand, 2000). 
 
In 1976 Mallory (Baudrand, 2002) suggested electroless nickel deposition onto aluminium alloys 
using the zincating process as shown in Figure 2.13. 
Degreasing/cleaning 
Water rinse 
 
Alkaline or acid dip 
Desmutting 
Electroless nickel deposition   
First zincating  
Nitric acid dip (stripping) 
Second zincating  
Heat treatment optional 
Water rinse 
 
Water rinse 
 
Water rinse 
 
Water rinse 
 
Water rinse 
 
Water rinse 
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Figure 2.13: Process sequence for electroless nickel deposition on aluminium and its alloys 
(Mallory process sequence, Data from Baudrand, 2002). 
Solvent cleaning of aluminium (To remove 
heavy oil and grease) 
 
Water rinse  
Stripping first zincate using 50 % by volume 
nitric acid 
Alkaline zincate solution 
(500 g/L Sodium hydroxide, 100 g/L Zinc 
oxide, 1.0 g/L Ferrous chloride and 10 g/L 
Rochelle salt at 20oC and 120 sec for 2024 
alloys, at 15oC and  30 sec for 6061 alloys, at 
20oC and 60 sec for 7075 alloys) 
Immersion in zincate solution  
for 30 sec at 20oC 
Immersion in mild acid dip for 10-15 sec at 
room temp using 0.25 % sulphuric acid or 
7.5 g/L sulfamic acid 
 
 
Electroless nickel deposition 
Etching of aluminium using very mild acid 
cleaner 
 
 
Deoxidizing using nitric acid 
 
Water rinse  
Water rinse  
Water rinse  
Water rinse  
Water rinse  
Water rinse  
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Various methods were proposed and commercially used for preparing aluminium alloys for 
autocatalytic nickel-phosphorus deposition. Following a zincate process, a nickel strike 
containing nickel sulphate, and boric acid was developed (Mallory and Hajdu, 1990). After the 
nickel strike, aluminium alloy is transferred without rinsing to an electroless nickel bath. In 
1976, Missel suggested an acetate buffered nickel glycol strike electroplating solution following 
the zincate process (Ehrsam and Reath 1995). In 1972, Petit eliminated the zincate process for 
electroless nickel deposition and developed a process consisting of degreasing, etching in nickel 
chloride and concentrated nitric acid (Baudrand, 2002). The electroless nickel deposits follows 
then immersion in nitric acid and activation in sodium hypophosphite and concentrated 
ammonium hydroxide solution. The sample then receives a strike in a solution containing sodium 
hypophosphite, nickel sulphate hexahydrate and ammonium citrate. After this process sequence, 
the aluminium alloy is transferred into a conventional electroless nickel solution. In 1979, Bellis 
(Baudrand and Lindsay, 2002) developed another method for preparing aluminium for 
electroless nickel deposition. The method consists of degreasing, rinsing and immersion in mixed 
acid and metal salts depending on the alloy, rinsing, followed by electroless nickel deposition.  
Durkin et al. (1999) extensively studied strategies and approaches for electroless nickel 
deposition onto aluminium substrates. A zincate treatment is applied to protect the surface of the 
aluminium from re-oxidising until it is placed in the electroless nickel bath. Some of the zincate 
coating is dissolved in the acid electroless nickel solution as deposition begins unless an alkaline 
electroless nickel strike is used. Double zincate cycles are used to obtain adhesion and 
smoothness of the nickel deposits while minimizing the amount of zinc dissolved in solution. In 
some cases for cast alloys, a single zincate process is favoured over the double zincate cycles. 
Alkaline electroless nickel strikes are used prior to the acid electroless nickel-phosphorus 
solutions to minimize this zincate dissolution and extend electroless nickel solution. Durkin et al. 
(1999) suggested a process sequence for electroless nickel deposition onto cast and wrought 
aluminium alloys as shown in Figure 2.14. 
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                                (a)                                                                            (b) 
Figure 2.14: Electroless nickel deposition process sequence onto (a) casting alloys and (b) 
wrought aluminium alloys (Durkin et al., 1999). 
Non etch acid cleaner at 49oC-66oC  
for 5-10 min 
Water rinse 
Mild acid etch at 38oC – 66oC for  
1-3 min (optional) 
50% Nitric acid,  8 oz/gal ammonium 
bifluoride and 25% Sulphuric acid at    
21oC for 30-60 sec 
Nitric acid (50%), at room temperature 
for 1-2 min 
Water rinse 
Water rinse 
 
Alkaline zincate at 21oC for 30-60 sec 
Water rinse 
Water rinse 
 
Alkaline zincate at 21oC for 15-30 sec 
Water rinse 
 
     Alkaline electroless strike for 5 min 
 
Electroless nickel deposition 
Water rinse 
Water rinse 
Non etch acid cleaner at 49 oC-66oC 
for 5-10 min 
Alkaline etch at 38oC – 66oC for 1-2 
min (optional) 
 
50% Nitric acid, 8 oz/gal ammonium 
bifluoride and 25% Sulphuric acid at 
21oC for 30-60 sec 
 
50% Nitric acid, at 21oC for 1-2 min 
Alkaline or acid zincate at 21oC 
for 60 sec 
 
Alkaline or acid zincate at 21oC  
for 30 sec 
 
 
Electroless nickel deposition  
 
Alkaline electroless strike  
Water rinse 
Water rinse 
Water rinse 
Water rinse 
Water rinse 
50% Nitric acid, at room temperature 
for 30 sec 
Water rinse 
Water rinse 
Water rinse 
Water rinse 
Water rinse 
  
73 
2.7.3 Interface and characteristics of zincate and electroless nickel deposit 
There have been different opinions on whether the zinc deposit resulting from zincating is 
dissolved or not dissolved during electroless nickel metal deposition. This depends on whether it 
is possible to find solution formulations and operating conditions under which maximum 
dissolution of the zinc layer occurs and whether this is useful. Armyanov et al. (1982) and 
Armyanov (1992) concluded that dissolution of the zincate coating is based on electroplating 
parameters including pH, temperature, ligand species and concentration. Armyanov et al, (1996) 
also studied deposits from the acidic electroless nickel solution bath and found that there were no 
traces of zinc at the aluminium/nickel interface and consequently nickel will be deposited on the 
aluminium substrate free from oxide layer. Sukonnik et al. (1989) reported that adhesion failures 
occured at aluminium/nickel interface. The zincate film becomes the catalyst that initiates the 
electroless nickel deposition reaction. Zinc dissolution takes place at the early stage of 
immersion when nickel start to deposit. According to Sukonnik et al. (1989), Guojun et al. 
(2002), the deposition of nickel takes place according to the following equations 2.16-2.18: 
Zinc dissolution reaction      Zn                          Zn +2 + 2 e-        E = 0.763 V……….. (2.16) 
Nickel deposition                 Ni +2 + 2e-                     Ni                             E =-0.25 V ………....(2.17) 
Overall reactions                  Zn + Ni +2              Ni +Zn+2             E = 0.513 V……….. .(2.18) 
Backovic et al. (1979) observed that nickel-phosphorus deposition is closely related to the 
dissolution of the zincating layer, followed by progressive nickel nucleation. According to 
Mallory (1985), zinc ions are also reduced and co-deposited with nickel and phosphorus. As a 
result a zinc rich layer is assumed to exist between the nickel deposit and the aluminium surface. 
It was observed that aluminium-zinc and zinc-nickel-phosphorus layers are distinct and interact 
with each other in the outermost layers (Sukonnik et al., 1989). The topography of the electroless 
nickel is dependent on development of the zincated layer. Adhesion failures occur at the 
aluminium-nickel interface and it points to the zincate layer as the weak link in this multilayered 
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structure. A single zincate film of 100Å thick has poor adhesion while double zincate deposits of 
40Å thick have better adhesion (Sukonnik et al., 1989). Guojun et al. (2002) claimed that double 
zincating potentially extend the working life of electroless nickel bath. Sheela et al. (2002) also 
found that the adhesion strength of nickel deposits is increased when aluminium is double 
zincated in dilute formulations compared to the single zincate treatment. Excessive immersion 
zinc deposits not only reduce adhesion but shorten the life of the electroless nickel solution, and 
accelerate the deterioration of subsequent deposit properties. Adhesion failure can be expected 
with zinc levels between 200 and 300 ppm (Laughton, 1992). Schultz et al. (1986) found that 
electroless nickel deposition of aluminium may be improved by employing multiple 
electroplating baths under controlled conditions. He suggested that electroless nickel deposition 
on the zincated surface is followed by the use of another nickel bath to electroplate the surface to 
desired thickness and physical characteristics. The process consists of at least two nickel 
electroplating baths, the first of which is used to apply a thin barrier coating of nickel on the 
zincated surface, while the second bath is used to electroplate the final nickel coating.   
Ni-P deposition is closely related to the dissolution of the zincate layer, followed by progressive 
nickel nucleation. The nuclei serve as a catalytic surface for further Ni-P deposition, which is 
increased, with deposition time. Khan et al. (2007) studied surface characterisation of zincated 
Al 1050 and Al 6061 at the early stage of electroless nickel deposition and found that nickel 
deposition starts to develop by nucleation after the zincate dissolution. The deposited nuclei now 
became a catalytic surface for further nickel-phosphorus deposition. The growth and coalescence 
of such nuclei results in a continuous layer of Ni-P on the aluminium surface. The nickel-
phosphorus growth continues until nickel has been deposited on the aluminium substrate within 
4 min of immersion in the electroless nickel solution. Although there are still voids on the 
surface these will be filled as autocatalysis continues. Generally, the electroless nickel deposition 
bath used to electroplate zincated aluminium has a relatively short bath life when compared to 
baths used to electroplate many other metal alloys such as plain carbon steel. Dini (1992) 
suggested a copper cyanide strike after zincating to avoid the possibility of zinc contamination in 
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the electroless nickel solution.  However, Kushner (2007) suggested that in case of electroless 
nickel deposition, a copper strike is omitted and nickel is deposited directly onto zincated 
aluminium. 
Intrinsic stress is developed during the deposition process and is mainly controlled by the 
composition and the operation conditions of the solution (Chen et al., 2003). In the case of 
electroless nickel deposition, intrinsic stress is influenced by ageing electroless nickel bath 
(Duncan, 1996). According to Laughton (1992) electroless nickel deposits on aluminium alloys 
had an adhesion strength of 14,000,000 Kg-force/m2.  Sheela et al. (2002) extensively studied the 
shear strength of nickel deposition on aluminium with different combination of deposits.  
According to Sheela et al. (2002), the shear strength obtained with electrodeposited nickel onto 
aluminium after a single zincate layer followed by a copper strike was found to be 71 N/mm2. 
The shear strength of the nickel electrodeposited aluminium increased to 91 N/mm2, when single 
zincating was replaced by double zincating. In another case, a layer of copper was 
electrodeposited after double zincating followed by a copper strike layer. The shear strength of 
electrodeposited nickel after copper electroplating was found to be 82 N/mm2. The shear strength 
of nickel electrodeposited onto aluminium with an electroless nickel undercoat was increased up 
to 89 N/mm2 keeping the double zincating, copper strike, and copper electroplating sequence.  
This may be due to the fact that in the absence of a thick copper deposit, zinc ions from the 
zincate film might have found their way into the electroless electroplating solution through the 
thin copper strike. Sheela et al. (2002) also observed that heat treatment of Ni-P deposits tends to 
reduce the strength of the deposits tremendously. However, according to Sheela et al. (2002), the 
shear strength of electroless nickel deposits up to 2 mm in thickness on zincated aluminium was 
found to be 22 N/mm2, but the shear strength of nickel electroplated aluminium was increased up 
to 53 N/mm2 with a 25µm electroless nickel undercoat. When the electroless nickel deposited 
sample was withdrawn from process and heated up to 150oC before nickel electroplating, its 
shear strength was further increased to 81N/mm2. Electroless nickel deposition has been 
reviewed in the previous sections. The nickel deposits from autocatalytic nickel process and its 
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development for deposition onto aluminium has been reviewed. The literature reviewed on 
electroless nickel deposition could be summarized as follows: 
(i) Electroless nickel deposition depends on deposit thickness, co-deposited impurities, substrate 
condition and preparation, control of electroless nickel solution and also post-plate operations 
such as heat treatment and rinsing (LaPlante, 2002). The adhesion of the nickel layer on the 
aluminium depends on the zinc coverage since the electroless nickel layer and aluminium surface 
are connected by the zincate intermediate layer. First zincate deposits significantly roughen the 
aluminium surface. The zincate layer is not completely removed by an acid stripping etch and a 
small amount of zinc remains on the surface. Sodium, silicon, sulphur, chlorine, potassium, 
calcium and iron were measured in the zincate films. Some of these contaminants most likely 
resulted from minor components in the zincating solution (Strohmeier et al., 1993). In 
comparison to the single zincate layer, double zincating develops a uniform and thin layer. Zinc 
coverage is increased from zinc deposits and vacant sites are reduced to a minimum on the 
aluminium surface. It enhances the uniform growth of the subsequent electroless Ni-P coating 
and adhesion of the nickel layer to the aluminium surface increases (Jin et al., 2004). 
(ii) Electroplating on aluminium is generally carried out on zinc deposits from the zincate 
solution in combination with either a  strike layer of a metal covering the layer of zincate, or  one 
or more electroplated layers over the zincate. The deposit thickness will not normally be uniform 
particularly on complex geometries and shapes from nickel electrodeposition (DiBari, 1994 and 
DiBari, 2000). The current density will be higher on prominences and areas close to the anodes 
due to a lower resistance to current flow, while current density will be lower in recesses and in 
areas away from anodes. The variation in current density results in a thicker coating on 
prominences and thinner in recessed areas. Current distribution is the major factor affecting the 
metal distribution in nickel electroplating. This problem can be solved by using electroless nickel 
deposits which has the ability to produce uniform thickness on parts with complex geometries 
and shapes. This conclusion led to the adoption of an electroless nickel layer as an intermediate 
layer for duplex nickel chromium deposition onto selected aluminium alloys.  
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2.8 Chromium electroplating  
Chromium electroplating is one of the most widely used electroplating processes in the 
electroplating industry due to attractive appearance, good adhesion, high degree of hardness, 
good wear and corrosion resistance. Chromium is normally deposited on a commercial scale 
from aqueous solutions of chromium trioxide (CrO3) which are commonly called chromic acid. 
However, chromium cannot be deposited from a bath containing only chromic acid, since 
another chemical, which acts, as a catalyst is also needed. The most commonly used catalysts are 
sulphate and fluoride. They are generally used in the complex form such as sulphuric acid, 
sodium sulphate, flurosilicate and silicofluoride. The ratio of chromic acid to catalyst is 
maintained within definite limits; preferably about 100:1 in the case of sulphate (Barclay et al., 
1977, Dennis and Such, 1993). 
Generally, hexavalent chromium electroplating baths are simple in formulation, but are more 
complicated to operate than most electroplating baths, and they require rigorous control. 
Temperature, current density and bath composition affects the film characteristics and current 
efficiency and therefore are carefully controlled in order to obtain specific deposit properties and 
electroplating rates. A dilute conventional formulation (250 g/L chromic acid and 2.5 g/L 
sulphate) is extensively used in the electroplating industry to give good coverage, substrate 
activation, and consistent current efficiency. The concentrated formulation (400 g/L chromic 
acid and 4.0 g/L sulphate) gives better coverage and greater resistance to impurities and requires 
a lower operating voltage. A critical point in all bath formulations is the requirement for close 
control of the CrO3/SO4 weight ratio needed to produce consistent electroplating results. A low 
ratio of chromic acid to sulphuric acid results in relatively poor throwing, covering power and 
increased limiting current density. Higher ratios result in slow deposition rates which produce 
dull deposits, increased covering power, and decreased limiting current density. Thicker deposits 
tend to be dull and contain variable cracks (Dobrev et al., 1987). The mechanism for chromium 
deposition from chromic acid is complicated. Snavely et al. (1954) suggested that the final 
reduction to metallic chromium takes place via an intermediate hydride, of short but finite life at 
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the cathode. Ege and Silverman (1947) found that additions of SO42- to the bath results in the 
formation of complexes, deposition ultimately taking place from a complex cation. In 1965, 
Ryan observed that reduction involves the reaction of Cr3+ to form Cr2+ and then from Cr2+ to Cr. 
Maximum current efficiency is associated with a critical cathode film thickness and with the 
concentration of Cr (III). Variation of temperature, current density or bath composition results in 
changes in current efficiency and deposit characteristics (Dennis and Such, 1993).  
Chromium ions enter the cathode film in the form of CrO42- anions forming complex chromium 
compounds (Raub and Mueller, 1967). Martayk and Weil (1992) claimed that the solution layer 
immediately adjacent to the cathode must have mixed activation and passivation tendencies. 
Thus, if the chromium deposits were too active, chromium would tend to re-dissolve in the 
strongly acidic electrolyte. Conversely, if the chromium was too passive, it would tend to 
electroplate dull and in the form of non-adherent layers flaking from each other, as frequently 
occurs when there are current interruptions (Dennis and Such, 1993).  The chemical reactions 
involved in chromium electroplating can be summarized as follows (Kerle, SurTec, 2000); 
(i) Reduction of Cr (VI) down to metallic chromium at the cathode: 
2CrO3 + 2 H2O            2H2CrO4           H2Cr2O7 + H2O...……………………………..(2.19)  
(Cr2O7 )2 - + 12 e -   + 14 H +              2Cr  + 7H2O   (10 – 20% of chromium deposition)…(2.20) 
(ii) Hydrogen evolution     
2H +   + 2e -                H2         (80 – 90% of hydrogen evolution)…………………………...(2.21) 
Reduction of chromium (VI) to chromium (III): 
(Cr2O7 )2 -+  6e-  + 14 H +              2Cr3+  + 7 H2O  ( 0-5 % of chromium (III) formation)…(2.22) 
Oxygen generation at the anode: 
2 H2O             O2 + 4 H+ + 4e- ………………………………………………………….(2.23) 
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The chemical reactions taking place (SurTec, 2000) at the cathode and anode are shown in 
Figures 2.15 and 2.16.  
 
Figure 2.15: Electrochemical reaction at the cathode during chromium electroplating (SurTec, 
2000). 
                  
Figure 2.16: Electrochemical reaction at the anode during chromium electroplating (SurTec, 
2000). 
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Chromium has been deposited on steel to obtain high levels of hardness, resistance to wear and 
corrosion, low coefficient of friction for applications in the aerospace and automotive industries. 
Golby (1981) studied electrodeposition onto aluminium and its alloys with electroplating 
performed for three different coating systems: (1) Decorative chromium: (40 µm bright nickel/ 
0.25 µm decorative chromium) (2) Thin microporous chromium: (30 µm bright nickel/1.0 µm 
nickel seal/0.25 µm decorative chromium) and (3) Thick microporous chromium: (30 µm bright 
nickel/1.0 µm nickel seal/0.5 µm decorative chromium). Golby (1981) concluded that two 
microporous chromium systems gave better corrosion protection than the decorative chromium 
coating and also that penetration through to the substrate and onset of severe pitting were 
delayed longest by the thicker microporous chromium. 
Electroplating on aluminium has been carried out using an intermediate layer of zinc, commonly 
applied by the zincate process (Smith and Snyder, 1997). Zinc deposition is also followed by a 
copper and or nickel layer thereon to provide a proper base layer for the subsequent deposition of 
a final chromium layer. It provides not only a bright lustrous surface with high hardness and 
scratch resistance but also to minimize lateral corrosion. Deqing et al. (2005) concluded that 
good adherence has been achieved at the interfaces of the aluminium/nickel, nickel/copper and 
copper/nickel under the optimized electroplating conditions. They also reported that zinc was 
detected at the aluminium/nickel interface, which may be caused by the dissolution of the zinc 
deposition layer when aluminium was brought into the nickel bath. According to British 
Standard-1224:(1970), decorative electroplating of nickel plus chromium has been recommended 
for copper, zinc and aluminium alloys for exceptionally, severe, moderate and mild conditions. 
2.8.1 Decorative and hard chromium electroplating using hexavalent chromium 
Commercially, decorative and hard finish (functional) chromium electroplating is categorized on 
the basis of thickness of the chromium, their applications and the chemistry of the process. The 
hexavalent chromium electrolyte bath composition for decorative applications depends primarily 
on whether the bath is co-catalysed e.g., fluorides, fluorosilicates or fluoroborates and on the 
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application (Dennis and Such, 1993, Jones and Snyder, 2004). The presence of other oxides of 
metals such as iron, copper and nickel combined with Cr3+ affects bath performance (Zaki, 
2003). Decorative chromium electroplating is generally electroplated over a nickel resulting in 
tarnish resistance, hardness and wear resistance, with an elegant blue metallic appearance 
(Mandich, 2003). Decorative chromium is not just a single chromium layer but it invariably has 
one or more under layers of electroplated nickel, ranging from 5-50 µm thick. The visible top 
layer is a thin chromium coating, typically with a thickness of 0.2-0.5 µm.  For less severe 
conditions, a single layer of bright nickel is adequate to afford the surface improvement. This, 
combined with the chromium layer, provides sufficient product durability. For severe conditions, 
multiple or single layers of nickel and copper can precede the chromium deposit. Significant 
improvements can be achieved with two or more different nickel layers and a special micro-
discontinuous coating or strike layer (Clauss and Klein, 1968., Dennis and Such, 1993).  
The basic formulations consist of chromic acid (H2CrO4) and the sulphate ion (SO4)2-. Single 
catalyst processes have about 12% chromium electroplating efficiency. The remaining current 
goes towards the formation of hydrogen and trivalent chromium Cr (III). The chromium 
deposition efficiency increases proportionally with chromic acid concentration, up to 250 g/L 
and decreases thereafter. Usually, a CrO3/SO4 ratio of approximately 100:1 is common. The 
inclusion of the second catalyst, fluoride, can increase the average cathode efficiency to about 
22%. The efficiency increases with increasing chromic acid concentration up to 300 g/L but 
addition of fluoride catalyst necessitates an adjustment in the CrO3/SO4 weight ratio. Co-catalyst 
(mixed catalyst) has an increased electroplating speed, better coverage, wider brightness range, 
and more tolerance to impurities. These processes are less sensitive to current interruption and 
can electroplate substrates with reduced defects (Snyder, 2000). Tri-catalysed chromium 
processes are similar to co-catalysed processes except for the addition of a third catalyst, a 
proprietary organic catalyst. It improves the cathode deposition efficiency and coverage in the 
low current density areas. According to United States Environmental Protection Agency (1996), 
decorative chromium electroplating consists of the following stages as shown in Figure 2.17 
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Figure 2.17: Flow diagram for the decorative chromium electroplating process on metallic 
substrate (US. EPA., 1996).   
Decorative chromium deposits are either micro-porous or micro-cracked. Deposits from 
decorative chromium electroplating have approximately 10-17 thousand pores/cm2 or 160 micro 
discontinuous cracks per linear cm (standard requirement) deposits. These spread the corrosion 
Pretreatment stage (Polishing, 
grinding and degreasing) 
Water rinse 
 
Alkaline cleaning 
 
Water rinse 
 
Acid dip 
 
Water rinse 
 
Strike electroplating of copper 
 
Water rinse 
 
Acid dip 
 
Water rinse 
Water rinse 
Water rinse 
Water rinse 
 
Electroplating of copper 
 
 
Electroplating of semi-bright nickel 
 
 
Electroplating of bright nickel 
 
 
Electroplating of chromium 
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reaction over many galvanic sites. In decorative chromium electroplating, temperature is closely 
related to current density in its effect on brightness and coverage by deposit. An optimum 
temperature range is always established for a given concentration of chromic acid.  
 Hard chromium electroplating involves the submersion of the substrate to be coated into the 
chromic acid bath and the application of a current to provide driving force for the deposition of 
the chromium ions from the solution. The deposits are extremely hard and for most applications 
corrosion resistant. According to Newby (1999) and Shuker and Newby (2005), there are three 
generic functional hexavalent chromium processes for the deposition of metallic chromium. The 
earliest formulation is presently known as conventional or Sergent baths which are simply 
chromic acid (H2CrO4) and sulphate ions (SO42-) in approximately a 100:1 weight concentration 
ratio. This formula was developed in the late 1920s and is still in widespread use especially in 
small jobbing shops. The cathodic efficiency of this process is of the order of 10-15%. Typically 
with a current density of 32 A/dm2 about 25 µm/hr of deposition is obtained. In the 1950s a 
mixed catalyst system was commercialised in which a fluoride ion source, typically a salt of 
fluorosiolic acid, was added to the conventional bath. This formula offered significant 
improvements both in cathodic efficiencies of up to 22% and deposition rates up to about 50 
µm/hr. It provides superior wear and corrosion properties compared to conventional chromium 
deposits. Mixed catalyst chemistry has been used successfully over thirty years in the 
electroplating industry.  
In the mid 1980s a non-fluoride chromium (high speed) electroplating bath was introduced into 
the market which replaced the halogen ion with a proprietary organic species. The process is 
capable of approximately 25% cathodic efficiency and deposition rate up to 75 µm/hr. Deposits 
from this bath are thought to be the best in terms of wear and corrosion properties, surface finish 
available in the chromium electroplating. This formulation consisting of chromic acid, sulphate 
ions, fluorosilicic acid have now become the state of the art process and the solution is in 
widespread use particularly where quality and productivity are of concern (Newby, 1999; Jones 
and Snyder, 2004). According to the Kirk Othmer encyclopedia of chemical technology 
  
84 
(KOECT, 1980), a thick layer of chromium is deposited directly on the base metal to provide 
wear and corrosion resistance in hard chromium electroplating. Hard chromium electroplating 
using a hexavalent process sequence is shown in Figure 2.18 (Baral and Engelken, 2002). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.18: Process sequence for hard chromium electroplating onto metallic substrates 
(KOECT, 1980). 
 
The thickness of the hard chromium coating varies in the range of 20-500 µm. Being very hard 
(~1000HV) the chromium deposit will experience microcracking. This is quite normal and will 
not usually affect the coating in most engineering applications.  Hard chromium deposits display 
high levels of internal stress and hardness up to 1000 HV with a micro cracked structure varying 
vary from 15- 200 cracks/cm2 (Zaki, 2000 and Jones and Snyder, 2004). The cracks penetrate to 
Pretreatment  
(Buffing/polishing, and degreasing, 
soaking in organic solvent) 
Water rinse 
 
 
Alkaline cleaning   
(Soak cleaners, electrolytic cleaners) 
Water rinse 
 
                         Acid dip  
 (To remove tarnish and neutralizing 
surface after alkaline cleaning) 
Water rinse 
 
 
Chromic acid treatment  
Water rinse 
 
 
Chromium electroplating 
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the interface of the base material and the chromium deposit (Jones, 1989). At high temperatures, 
smooth deposits with less burning and nodulation are obtained (Newby, 1999). It has been 
observed that adherence and roughness are the common defects in hard chromium electroplating. 
The high level of tensile stress within the chromium deposit leads to spontaneous cracking of 
deposits which can improve the oil retention properties of thicker deposits and this has many 
engineering applications in lubricated wear situations (Dennis and Such, 1993).  
2.8.2 Health and environmental effects of using hexavalent chromium electroplating and 
implications for current legislation  
Chromic acid, which is mainly used in chromium electroplating, has been recognized as highly 
toxic and carcinogenic. There has been an increasing concern due to environmental, health and 
safety considerations associated with the emission, handling, storage and disposal of hexavalent 
chromium compounds (Guffie, 1986; Legg et al., 1996; Shuker and Newby, 2005; Khan et al., 
2005). Generally hexavalent chromium electroplating baths generate trivalent chromium ions 
and hydrogen gas at the cathode, while oxygen gas is the predominant product at the anode. 
These gases rise to the top of the bath and then into the atmosphere. Workers can potentially 
inhale this mist or it could potentially escape into the environment outside of the electroplating 
shop (Snyder, 2000 and El-Sharif, 1997). Hexavalent chromium ions are strongly suspected of 
causing lung cancer. Other effects to health include burns, ulceration of the skin and the mucous 
membrane, and loss of respiratory sensation (Surface Engineering Association, 1999). In 
addition to technical difficulties experienced in the deposition of chromium, chromic acid has 
now been classified as a carcinogen.  Existing regulations and legislations to control hexavalent 
chromium are as follows: 
Hexavalent chromium compounds (Chromates, bichromates and chromic acid) have been 
classified as Category I carcinogens under the Hazard Information and Packaging for supply 
regulations 3 (CHIP). The U.S Environmental protection agency (EPA) has classified hexavalent 
chromium as one of seventeen kinds of highly hazardous and toxic substances. Control of Major 
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Accidents Hazards (COMAH) has reclassified chromic acid from harmful to very toxic. 
Electroplating shop having more than 4000 Litres of chromium electroplating solution will have 
to register as a tier 1 COMAH site, similarly electroplaters having more than 16000 Litres of 
chromium electroplating solution will be a tier 2 COMAH site. Integrated Pollution Prevention 
Control (IPPC) stated that the best available technology must be used to minimize and control 
pollution in the electroplating industry such as that of hexavalent chromium. The End of Life 
Vehicle Directive (ELV, Directive) has been designed to minimize the environmental impact of 
vehicles, which have reached the end of their useful life and either recycled or otherwise 
disposed of heavy metals such as lead, mercury, cadmium and hexavalent chromium will be 
banned for use in manufacturing vehicles. The ELV Directive regulation came into force in July 
2007 and from that point onwards, no vehicle can be introduced to the European market, which 
contains these elements. Occupational Safety and Health Administration (OSHA) issued 
guidelines have significantly lowered the limit on worker exposures to hexavalent chromium 
(VI). OSHA has amended the existing standard that limits occupational exposure of hexavalent 
chromium Cr (VI) in the electroplating shop from 52µg/m3 to 1µg/m3 as an eight hour time 
weighted average. The European Parliament has recommended the average exposure level (PEL) 
from a current PEL of 0.1 mg/m3 to 0.005 mg/m3. The European Union has passed the WEEE 
and RoHS directives to restrict the use of hexavalent chromium in electrical and electronic 
equipment from July 2006. The United States will completely ban the use of Cr (VI) in the 
electroplating industry from 2010.  
2.8.3 Hexavalent chromium electroplating alternatives  
It has now been established that conventional chromium electroplating using the chromic acid 
process is extremely hazardous because it relies on hexavalent chromium, which is highly toxic 
and has been classified as carcinogenic. However, there are also technical difficulties 
experienced in the deposition of chromium from chromic acid electrolytes. These have been 
summarized by Smart et al. (1983) as follows: 
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• Chromium electroplating using hexavalent chromium has a low efficiency i.e. 15-22 % 
where 75-85 % of the applied current is used in hydrogen evolution. 
• The average cathodic current densities is generally 10-15 A/dm2 
• The process has poor covering power across low current density areas and also around 
holes and slots of components. 
• Burning is observed as grey deposits in high current density areas 
• Chromium electroplating has poor throwing power. It results in thick electrodeposits on 
the edges and protruding parts of cathodes and thin deposits in recesses. 
• Interruption of the current during electrodeposition produces milky deposits i.e. ‘white 
washing’. 
• Solid chromic acid has immediate detrimental effect on human tissue, burning the skin 
particularly the eyes. Even dilute solutions have the insidious effect of causing ulcers, 
either from splashes or inhalation of spray. 
• Chromic acid is a strong oxidizing agent and therefore it is a potential fire hazard. 
• High metal concentrations of chromium metal in chromic acid solution. 
 
It has been recognized since the inception of industrial chromium electroplating that the use of 
chromic acid presents many hazards in terms of the chemical reactivity and toxicity of the 
chromium electroplating bath. Environmental, health and safety considerations as well as 
disposal costs have prompted the electroplating industry to consider other electroplating 
alternatives to hexavalent chromium. However, the problem with hexavalent chromium 
electroplating process is not with the electroplating technology but with the environmental, and 
health consequences associated with its use. The ever-increasing regulatory requirements have 
therefore forced metal finishing industries to look for acceptable and cost effective options 
(Weiner and Walmsley, 1980). The majority of industries are relying on emission control 
technologies rather than switching to clean technologies or waste minimization as a means of 
achieving compliance. In recent years there has been a growing interest in alternative materials 
and deposition methods that reduce hazards associated with hexavalent chromium. A novel 
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technique can be used as a replacement for hexavalent chromium if it matches the physical and 
mechanical characteristics of hexavalent chromium. 
Various researchers have confirmed that a substitute for hexavalent chromium has not yet been 
achieved for both decorative and functional applications (El-Sharif, 1997). However, promising 
alternatives for hexavalent chromium electroplating have been suggested which include: Dry 
coating alternatives (physical vapour deposition, chemical vapour deposition), Thermal spray 
technology (high velocity oxy fuel), Nickel based alternatives, Ionic liquids (Abbot et al. 2004) 
and Trivalent chromium electroplating (Baral and Engelken, 2002). However, none of these 
alternatives can match the unique properties of chromium electroplated from hexavalent 
chromium. Trivalent chromium electroplating from trivalent electrolytes is considered as a very 
promising technology to replace conventional hexavalent chromium electroplating partly 
because Cr3+ ions are less toxic and therefore could serve as an environmentally benign 
alternative. Trivalent chromium has now become a transitional alternative for decorative 
applications. However, there is no commercially viable way of producing thick deposits of 
chromium from electrolytes based on trivalent chromium. Although more sensitive to impurities 
and more complex to operate, these baths are gaining more and more acceptance due to their 
high tolerance to current interruptions and lower toxicity 
2.8.4 Trivalent chromium electroplating  
The trivalent chromium electroplating process has been available to the metal finishing industry 
since 1973. Jeffrey and Stanley (1976) developed the first commercial trivalent chromium bath 
based on chromium chloride, boric acid, ammonium chloride and bromide ions (Crowther, 
1974). This chloride based process was commercially used in the electroplating industry as the 
only viable option for trivalent chromium electroplating.  IBM (Barclay et al., 1975) produced a 
trivalent electrolyte based on chromium sulphate and thiocyanate using a divided cell 
arrangement to prevent anodic oxidation of trivalent chromium. In 1984, W.Canning Ltd worked 
with IBM in a collaborative project and produced another sulphate-based bath. All these trivalent 
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chromium processes were capable of depositing ≤ 0.5µm thick chromium layer. Chloride and 
sulphate based trivalent chromium electroplating processes were used successfully in the 
electroplating industry for decorative purposes. The deposition rate of the trivalent chromium 
process using sulphate and chloride based electrolytes is similar to hexavalent chromium 
electroplating but there was no commercially viable way of producing thick deposits for hard 
chromium applications (Snyder, 2000).  
The trivalent chromium finish can be similar to the hexavalent chromium finish when it is used 
for decorative application (Nikolova et al., 1995; El-Sharif, 1997 Lansdell and Farr, 1997; and 
Gardner, 2006). Ibrahim (1997) and Ibrahim and Chisholm, (1998) also observed that deposits 
from trivalent electrolytes have similar properties to that of hexavalent chromium electrolytes. 
The deposits were found to be micro cracked with a similar crack density and hardness of 
between 800-1000 HV. Deposits from trivalent chromium baths are inherently micro-
discontinuous. The pore density in a micro-discontinuous deposit was found to be about 20,000 
to 60,000 pores/cm2 but it became micro cracked with higher thicknesses. The normal hardness 
of the deposits from trivalent chromium baths is 700-1000 HV. The trivalent chromium bath also 
has the ability to tolerate current interruptions without passivating or producing ‘white clouds’ 
and hazes in the deposit. There are currently at least three basic types of trivalent chromium bath 
available. A single electrolyte bath, chloride or sulphate based, using graphite or composite 
anodes, and special additives to prevent oxidation of trivalent chromium at the anodes. Another 
type of bath uses shielded anodes where conventional lead anodes are surrounded by boxes 
sealed on one side by a selective ion membrane. The membrane prevents the migrating trivalent 
chromium ions in the solution from reaching the anode, thus preventing their oxidation to the 
hexavalent state. The sulphate based trivalent chromium bath utilizes additives containing the 
trivalent chromium ion and a secondary additive that contains grain refiners and brighteners 
(Shuker and Newby, 2005). 
When soluble chromium anodes are used in trivalent chromium electroplating, they would cause 
a rapid build up of chromium in the electrolyte. Oxygen is produced at the insoluble anode  
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surface and it is usually sufficient to oxidise trivalent chromium to hexavalent chromium. This 
results in deposition failure, because Cr (VI) contaminates trivalent electrolytes. There have been 
several approaches proposed to prevent oxidation of Cr (III) to Cr (VI). Jeffrey and Stanley 
(1976) studied trivalent chromium electroplating using carbon anodes. The electrolyte had 
oxidisable species at lower oxidation potential than oxidised trivalent chromium. This build up of 
hexavalent chromium is prevented due to the difference in potential between Cr (III) and 
oxidisable species in the bath. Smart et al. (1983), W.Canning Ltd (1984) developed 
perfluorinated ion selective membrane in a divided cell arrangement separating anolyte and 
catholyte. The chromium ions were thereby prevented from coming into contact with the anode. 
Conductive metal oxide coated anodes also have been successfully used in trivalent chromium 
electroplating (W.Canning Ltd, Environ Chromium Process). These developments have solved 
some of the problems of anodic oxidation of trivalent chromium. A major problem with the 
deposition from trivalent chromium electrolytes is associated with reactions taking place at the 
cathode. 
In 1966 Kudryvtsev (shahin, 1994) suggested that electrodeposition of chromium from trivalent 
baths involves two consecutive reduction steps of of Cr3+ species to Cr2+ and then from the 
reduction of Cr2+ species to Cro. According to Lide (1998), the standard reduction potential for 
trivalent chromium ions is given according to the following reactions (2.24-2.27): 
Cr3+ + 3e-              Cr         Eo = -0.744V    VS   SHE ………………...(2.24) 
Cr3+  + e-              Cr 2+      Eo = - 0.407V    VS   SHE ………………..(2.25) 
Cr2+ + 2e-            Cr               Eo = - 0.913V    VS   SHE .……………......(2.26) 
2Cr2+ + 2H +            2Cr3+ + H2   …………………………………........(2.27) 
According to Lide (1998) the net reaction process is thermodynamically expected to produce 
hydrogen rather than chromium metal. Reduction from trivalent chromium metal is more  
predominant than divalent reduction. 
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2.8.5 Problems and developments in functional electroplating using trivalent Chromium 
A major problem with deposition from trivalent chromium electrolyte is associated with 
reactions taking place at the cathode as ligand formation is slow and kinetically inert which 
hinders deposition (Smart et al., 1983 and El-Sharif et al., 1988). According to Bard et al. (1985) 
and Howarth and Pletcher (1988), the negative deposition potential from the trivalent chromium 
bath and slow ligand exchange gives low cathode efficiency with much of the current going to 
produce hydrogen. High pH values of trivalent chromium bath can cause the production of 
oligomeric olated species, which will reduce the reducible chromium. El-Sharif et al. (1999) 
observed that olation reactions are catalysed by Cr (II), however, Howarth and Pletcher (1988) 
could not find any evidence of Cr (II). Olation of the commercial electrolyte baths tend to lose 
efficiency with increasing electroplating time. It was also observed that cationic species decrease 
but there is an increase in anionic species (Drela et al, 1989). 
Trivalent chromium has a marked tendency to form various types of complexes in aqueous 
solutions. It is almost impossible to deposit the chromium coating from a simple aqueous Cr (III) 
solution due to a very stable Cr(H2O6)3+  ion complex. The coordinate water molecules, OH– 
groups or other ligands may be replaced by anions in solution. Anions that easily enter into the 
coordinate sphere and displace OH- groups can effectively prevent olation (Smart et al., 1983; 
Mandich, 1999). Some organic ligands influence the electroplating rate and the quality of 
coatings due to the formation of Cr (III) active complexes [Ibrahim et al., (1997); Ibrahim et al., 
(1998) and El-Sharif et al., (1999)].  Handy et al. (2006) also confirmed the deposition rate and 
the quality of chromium deposits from trivalent electrolytes are affected due to slow ligand 
exchange combined with unfavourable reduction potentials. Zhenmi et al. (1993) and Smith 
(1994) found that a rise in pH at the cathode surface is due to the evolution of hydrogen. As a 
result the deposition rate from trivalent electrolytes falls rapidly and the process usually reaches 
a limiting thickness of 3 to 4µm and also results in olation. Watson et al. (1986 and 1991) and 
Drela et al , (1989) found that the pH at the cathode surface is in the range of 3.8-4.5 compared 
to the bulk pH of the electrolyte (2.3-3.8). At this pH value, coordinated water molecules may be 
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converted to OH- groups, which lead to the formation of bridge species. This reaction may 
continue with the formation of larger molecules, where the chromium atoms are linked with OH- 
groups (olated compounds) as shown in Figure 2.19 (Watson et al., 1986 and Watson et al., 
1991, and Ibrahim et al., 1997, Handy et.al., 2006).  
                   
Figure 2.19: Formation of olated compound chains of trivalent chromium (Watson et al., 1986; 
Watson et.al., 1991, Ibrahim and Watson., 1997 and Handy et al., 2006) 
Thus, in addition to the slow ligand exchange processes, trivalent chromium has the 
characteristics of forming short or long polymers by bridging via a water ligand and H+. Watson 
et al. (1986), Ibrahim et al. (1997), El-Sharif et al. (1995), observed that the tendency to form 
olated species is in direct proportion with the pH of the electrolyte. Watson et al. (1986), Ibrahim 
et al. (1997), El-Sharif and Chisholm, (1997) and El-Sharif et al. (1999) concluded that the 
presence of divalent chromium accelerates not only ligand exchange kinetics but also the rate of 
formation of olated species, particularly within the diffusion layer during electrodeposition. Song 
and Chin (2002) studied the effect of bath composition, mass transfer and trivalent chromium 
deposition from a bath containing ammonium formate and sodium acetate as the complexing 
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agent and observed that the rate of chromium deposition process is controlled by the transport of 
the Cr (III) complex ion to the cathode surface.  
Maximum chromium thickness obtained from a commercial trivalent bath is generally less than 
10µm, making the deposits unsuitable for functional applications. Various studies (El-Sharif et 
al., 1999 and Ibrahim et al., 1997) described the failure of sustained deposition of Cr3+ to the 
formation of a stable and inert Cr3+ complex, [(H2O)4Cr(OH)(OH)Cr(H2O)4]4+, in the aqueous 
solution. The deposition rate is controlled by the diffusion of the complex Cr3+ ion to the cathode 
surface. Mandich (1999) found that hydrolysis, olation, polymerization and oxalation of trivalent 
chromium to metallic chromium occured during trivalent chromium electroplating. Song and 
Chin (2002) also proposed that chromium coating is inhibited by the formation of a film at the 
cathode composed of chromium hydroxide or chromium oxide. Some of the organic ligands 
influence the electroplating rate and the quality of the coatings due to formation of Cr (III) active 
complexes. Trivalent electroplating has several problems such as low current efficiency and 
solution instability. To minimize this problem an appropriate ligand capable of forming a Cr (III) 
complex with optimum chemical and electrochemical reactivity is used (Choi et al., 1982). Grace 
and Spiccia (1993) also confirmed that dimeric complexes and oligomeric species are present in 
Cr (III) sulphate solution at pH 3.5-4.4 and the deposit obtained from such trivalent based 
electrolytes is less bright compared to hexavalent chromium deposits. Ibrahim and Watson 
(1997) found that such complex formation in the vicinity of the cathode is due to a sharp increase 
in pH due to intensive hydrogen evolution. The inclusion of oligomeric Cr (III) species into Cr 
deposit gives rise to a possible blackness in the chromium deposit. 
Many researchers (Chisholm and Carneigie, 1973., Barnes et al., 1977 and Smart et al., 1983) 
made a lot of effort to improve the deposition of thick coatings from environmentally more 
acceptable chromium (III) electrolytes. However, the most successful electrolyte systems (Smart 
et al. 1983, Watson et al. 1986; El-Sharif et al. 1999 and Ibrahim et al., 1997) have been 
developed to deposit at the rate of 1 µm/hr for prolonged electrolysis. Progress in the 
development of chromium (III) electrolyte has been slow, largely due to the complex nature of 
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the chemistry and electrochemical nature of chromium (III) species in aqueous solutions. 
Recently, a high speed electroplating system (300µm/hr) for chromium coating based on the 
more environmentally acceptable chromium (III) electrolyte has been developed by El-Sharif et 
al. (1995). The deposits obtained have similar characteristics to hard chromium coatings. Takaya 
et al. (1987) and Grace and Spiccia (1993) found that hydrazine coating results in lower 
hardness, low current efficiency and solution stability of the deposit Cr (III) electroplating.  
Surviliene et al. (2007) studied the effect of hydrazine and hydroxylamino phosphate from Cr 
(III) formate-urea bath.  They found that the deposits obtained from formate urea electrolytes are 
nodular but a less nodular and smooth, fine grained structure could be achieved in the presence 
of hydroxylamino phosphate. Mcdougall et al. (1998) and El-Sharif et al. (1999), however, 
observed that accumulation of Zn2+, Cu2+, Ni2+ up to 10-100 ppm results in deterioration of the 
trivalent chromium bath. Amorphous chromium carbon coatings were obtained from a trivalent 
chromium bath using formic acid or oxalic acid as a complexing agent (Edigaryan, 2006). 
Surviliene et al. (2007) also studied Cr (III) sulphate based bath containing sodium formate and 
urea as complexing agents and found that good quality chromium deposits are possible due to the 
formation of active chromium carbamide complexes [Cr(carbamide)n(H2O)6-n]3+. These 
complexes delay the formation of the stable oligomeric species, and thus provide prolonged 
working life times of Cr (III) formate-urea electrolytes. Citric acid, lactic acid, glycolic acid, and 
acetic acid have also been used for functional applications using trivalent electrolyte (Polukarov 
et al., 2005). 
In recent years, Fe-Cr, Cr-Ni, Fe-Cr-Ni and Cr-C alloys have been used to produce alloy 
deposited coatings for functional application in order to replace hexavalent chromium (Kwon et 
al., 2004; Wang and Watanabe, 2003). Baosong et al. (2008) studied Fe-Cr-P deposition from a 
trivalent chromium sulphate electrolyte using glycine as a complexing agent and found that 
deposits were fine-grained, smooth, thick and compact. Lashmore et al. (1989) developed a 
trivalent chromium chloride based bath containing citric acid, a non-sulphur wetting agent, 
bromide and ammonium chloride and found that crack free thick coatings up to 125 µm can be 
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produced which were also very similar to hexavalent chromium deposits. Cr-P trivalent 
chromium electroplating using malonic acid may have a practical significance in depositing thick 
coatings from trivalent chromium electrolytes (Baosong et al., 2006). Zeng et al. (2006) claimed 
that thicknesses up to 50µm can be achieved and it provides better wear and corrosion resistance.  
2.8.6 Multi layer nickel electrodeposits prior to chromium electroplating  
During the last two decades, deposit properties has been enhanced through solution formulation 
and current modulation but systematic development of relationships between underlayers and 
topcoats has proved to be more productive in electroplating technology. Gabe and Wilcox (2002) 
studied underlayered and multilayered electrodeposits and found that the next few years are 
likely to see further advances, notably in the more widespread usages of multilayered coatings 
throughout the electroplating industry. Generally, multilayer coating (Dennis and Such, 1993) for 
decorative chromium electroplating consists of copper (optional), semi bright nickel, bright 
nickel and then chromium deposited on the substrate. Water rinsing is carried out after each stage 
of the process sequence. Copper is deposited as a first layer on the steel substrate prior to nickel 
electroplating. Copper electroplating primarily helps in leveling substrate defects such as holes, 
cracks, polishing lines and splinters. The copper deposit is then buffed to cover up the pits to 
smoothen the surface. However, the American Society for Material Testing in 1950 reported that 
performance of decorative, electroplated copper/nickel chromium coatings on aluminium was 
not suitable. As aluminium is exposed at the base of pit, the galvanic reactions between 
aluminium/copper and nickel accelerate corrosion and results in coatings failure.  
Decorative nickel/chromium coatings started to grow after World War II. Double nickel coatings 
achieved their acceptance in the automotive industry in 1950 along with the semi-bright nickel 
layer. Double and triple nickel layer coatings were conceived to solve corrosion performance 
problems. Corrosion performance and electrochemical studies established that double layer 
nickel coatings protect the base metal better than single layer nickel coatings of equivalent nickel 
thickness (Snavely et al., 1954; Stareck et al., 1954; Lashmore, 1984; DiBari, 1985 and Hiroshi, 
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1995, Sohi et al. 2003). The superior corrosion performance of double layer nickel coatings is 
due to the cathodic polarization of semi-bright nickel when it was galvanically coupled to the 
active bright nickel layer. The bright nickel layer corrodes preferentially and protects the semi 
bright nickel layer. The result is that when the attack reaches the interface, corrosion will tend to 
spread laterally in the top bright nickel layer rather than penetrating into the semi bright coating 
(Dahlhaus, 2005). The greater the difference in potential, the more sacrificial the bright nickel. 
As the bright nickel sacrificially corrodes to protect the semi-bright nickel, the deposit dissolves 
leaving a surface pit. The higher the potential difference between the two nickel deposits, the 
larger the surface pit will be.  Because of this, a duplex nickel system with a high potential nickel 
deposit will protect the semi bright nickel and base metal. Triple layer nickel is sometimes 
substituted for dual nickel, where an even more active layer of nickel is inserted between the 
bright and semi bright nickel layers. Brown (Udylite, 1957) claimed that three nickel layers were 
equally effective in delaying base metal corrosion. However, Snyder (2000) claimed that the use 
of an intermediate high sulphur layer offers no advantage and merely complicates process 
control as the sandwich nickel layer with high sulphur content develops sufficient difference in 
electrochemical potentials between the semi bright and bright nickel deposits.  
Double nickel layers also known as duplex nickel generally consist of a relatively thick coating 
of a semi bright nickel followed by a thinner bright nickel (Dennis and Such, 1993 and British 
Standard-1224: 1970). Multilayer nickel consists of three nickel layers, where the intermediate 
layer contains more sulphur than the top layer and does not exceed 10% of the total nickel 
thickness (British Standard-1224: 1970). Semi bright nickel deposits are generally used in 
combination with subsequent deposits of bright nickel and chromium for corrosion protection of 
the metal. Semi bright nickel has a relatively thick coating between 60-75% of the total nickel 
thickness. It is almost pure nickel with less than 0.005% sulphur co-deposited, compared to 
bright nickel, which typically contains 0.04% sulphur (British Standard-1224: 1970). This 
sulphur free nickel has lower electrochemical reactivity than the bright nickel. The sulphur is an 
impurity and it comes from the organic additives added to the electroplating process to produce a 
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fine grained, columnar, nickel deposit. Semi-bright nickel deposits are normally able to level out 
substrate defects such as polishing marks and neither nickel activation nor rinsing is required. It 
can be dull grey to bright and the appearance depends on the process used, additives and the 
current density (Snyder, 2000). Bright nickel deposits improve in appearance, corrosion 
resistance and performance enhancement. The bright nickel layer has a thinner coating ranging 
from 20 to 30% (British Standard-1224: 1970) of the total thickness. It differs from semi bright 
nickel in that it has a laminar grain structure rather than columnar. Bright nickel deposition is a 
slow process and results in a thinner deposit. The lower electroplating rate for this process is due 
to less current being available in the lower current density areas since the higher current density 
areas consume a disproportionate amount of current (Dennis and Such, 1993). Decorative 
nickel/chromium deposited layers always have random defects such as cracks or pores. In 
practice, these defects are difficult or impossible to eliminate, so corrosion occurs on a chromium 
electroplated surface. Any crack or pore is therefore surrounded by a large area of chromium that 
sets up a corrosion cell drawing current from a relatively small area of exposed nickel. This leads 
to quite rapid pit penetration through the nickel. According to Australian Institute of Metal 
Finishing (Nickel Handbook, Rose, and Whittington, 2005) nickel plus chromium exhibits a 
different type of pitting mechanism as shown in Figure 2.20  
        
Figure 2.20: Corrosion mechanism in (a) bright nickel plus regular chromium coating (b) dual 
nickel layer plus regular chromium (Nickel Handbook, Australian Institute of metal finishing, 
2005). 
The study shows that pitting is initiated at the defects in the top layer of chromium in single 
bright nickel layer plus chromium coating. Pitting rapidly penetrates the nickel coating to the 
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substrate and a large pit is produced in the substrate. In duplex nickel plus a regular chromium 
coating, pitting is initiated at the top chromium layer. The pits are not visible to the eye and 
penetrate the bright nickel forming a galvanic couple between chromium and the nickel layer. 
The penetration, however, is halted at the bright layer and thus the base metal is protected from 
corrosion attack. Although, a thin layer of chromium applied over nickel prevents tarnishing and 
corrosion the deposit was found to develop cracks and pits during service conditions and 
consequently no longer provided protection. This problem led to the production of many 
discontinuities in the form of cracks or pores in the chromium layer. The introduction of 
porosities and cracks in the chromium deposits has led to the development of micro-
discontinuous chromium. A micro-discontinuous (crack free, micro-cracked, and microporous 
chromium) chromium layer over the nickel layer as shown in Figure 2.21 has provided a major 
improvement in corrosion resistance since the 1970s. Crack free chromium, micro cracked 
chromium and microporous chromium have been developed for special applications in the 
electroplating industry (Dennis and Such, 1993 and British Standard-4641: 1986). 
A micro-discontinuous chromium is achieved by the use of a special formulation solution and 
change in operating conditions of the chromium electroplating. Crack free chromium involves 
development of a pore free, passive film which provides better corrosion protection than 
decorative nickel plus chromium. The deposits have lower stress and consequently fewer cracks 
than duplex nickel/chromium coatings for decorative applications (Kobayashi, 2005). Although 
the crack free chromium deposit is hard, brittle, and thicker than decorative chromium, a few 
cracks inevitably develop on the component during assembly or in service. These cracks in the 
chromium produce unfavourable anode/cathode ratio and result in macro crack formation. For 
this reason crack free chromium coatings have not enjoyed the popularity in the electroplating 
industry that might have been anticipated. Crack free chromium deposits failed to be used as the 
top coating of a nickel plus chromium deposition on aluminium. Due to large difference in 
galvanic potential between aluminium and nickel, large blisters occur around each pit and also 
tensile stresses in the chromium are sufficiently high to detach the coating from large area of the 
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aluminium. The solution to this has been to produce many discontinuities in the form of cracks 
or pores in the chromium layer which effectively increase the base metal protection by spreading 
the corrosion currents over a multitude of sites, thus reducing the size and depth of individual 
pits. In 1961 Saur (Dennis and Such, 1993) and DiBari (2002) claimed that there is an inverse 
relationship between the number of pores in the chromium deposits and degree of substrate 
corrosion. The use of chromium coatings with high porosity in combination with duplex and 
multilayer nickel coatings resulted in remarkable improvement of surface corrosion in severe 
corrosive conditions. The microscopic pores or cracks distribute the available corrosion current 
over many cells. Therefore, the corrosion current at one cell in a chromium deposit is very small 
and the rate at which corrosion proceeds through the bright nickel layer would then be 
correspondingly low. 
A microdiscontinuous chromium deposit has a high controlled degree of microporosity and 
microcracking and is achieved by depositing an approximately 1µm thick nickel strike on top of 
bright nickel layer prior to chromium. The microdiscontinuous chromium layer contains many 
discontinuities such as cracks or pores which spread out the galvanic attack of the nickel over a 
large area and thus localized deep pitting is prevented. This mechanism of reducing the current 
density is the basis of microcracked and microporous chromium. Micro cracked chromium used 
as the top layer in a decorative nickel plus chromium was first developed using a dual chromium 
system in which the undercoat was deposited from a solution giving crack free deposits and the 
upper coat from a solution producing micro cracks deposits (Dennis and Such, 1993). The total 
thickness of dual chromium is usually 0.75 µm and the crack formed in the upper layer initiates 
cracking in the underlying crack free layer. Micro cracked chromium produced by the dual 
chromium system encountered difficulties in obtaining a uniform crack density over complex 
shaped component and in controlling the process. The dual chromium system for micro cracked 
chromium was modified with a thin layer of nickel electrodeposit over a conventional nickel 
undercoat. This nickel either will crack spontaneously or the top coat of chromium subsequently 
will crack forming a micro crack pattern. It is produced by depositing the thin layer of nickel 
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from a special bath formulated to produce nickel with a high tensile stress, which induces 
microcracking in the chromium coating. Micro cracked chromium has a continuous and uniform 
network of cracks. When the chromium is deposited, the nickel/chromium provides variations in 
crack density ranging from 30 to 80 micro-cracks/mm  (Wilhem, 1968, Brown et al., 1969). The 
crack pattern depends on concentration of chromium trioxide, concentration and type of catalyst, 
concentration of Cr (III), metallic impurities, temperature, current density and substrate. The 
nickel layer is attacked at many of the cracks, instead of a few isolated points as in case of a 
macro crack top layer. The microcracked chromium layer spreads out corrosion over a wide area 
with a consequent decrease in the anodic current density and the nickel coating is not penetrated 
rapidly (Dennis and Such, 1993).  
 
In recent years, microporous chromium has been recognized in the automotive industry (Rose et 
al. 1969, Sovran and Metz, 1988, Rashkov et al. 1983, Tremmel, 2003) and is achieved by 
depositing nickel containing insoluble, extremely fine, non-metallic particles dispersed 
throughout the solution. The particles protrude from the nickel layer interrupting the deposition 
of chromium layer. The resulting chromium deposit becomes completely microporous when 
electroplated over the nickel layer. Co-deposition of inert particles from the nickel solution 
depends on particle size, particle distribution in the solution and particle corrosion activity. 
Oderkerken (1966) claimed that 200 pores/mm2 gave reasonable corrosion resistance, 800 
pores/mm2 better resistance and 4000 pores/mm2 excellent corrosion resistance, British Standard 
1227:(1970) recommended a minimum of 100 pores/mm2. The improved performance of micro-
discontinuous chromium coatings is due to the fact that the multilayer nickel, in combination 
with micro discontinuous chromium, has different electrochemical activities. Corrosion 
potentials of various nickel deposits showed that the bright nickel deposits display more active 
dissolution potential than do the semi-bright. The result is that the rate of corrosion of bright 
nickel is increased, whereas the rate of corrosion of semi-bright is decreased and is manifested 
by enhanced lateral corrosion of the bright nickel layer and delayed penetration of the semi-
bright nickel layer. The rate of pit penetration through the nickel layers varies inversely with the 
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number of micro discontinuities in the chromium layer. When corrosion takes place at a pore in 
conventional chromium, the large cathodic area of chromium surrounding the pore accelerates 
the corrosion of the nickel. However, a large number of microscopic pores or cracks are 
deliberately induced in chromium deposits can start corrosion at many sites. The corrosion 
current is thus spread over a number of tiny corrosion cells and rate of corrosion of nickel is 
greatly reduced with micro discontinuous chromium (Dennis and Such, 1993).  
 
Figure 2.21: Micro-discontinuous chromium arrangement  (a) crack free chromium coating (b) 
microcracked chromium (c) microporous chromium and (d) bright nickel plus micro 
discontinuous chromium (Nickel Handbook, Australian Institute of metal finishing, 2005). 
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2.9 Conclusion 
Chapter two has reviewed the literature for sample pretreatment and for chromium 
electroplating. Firstly a variety of coating techniques for aluminium alloys were discussed. A 
wide range of aluminium alloys are available with a wide range of mechanical properties. 
However, electroplating on aluminium can be difficult to accomplish successfully and the 
potential problems associated with electroplating have been discussed. Pretreatment using 
zincating has been developed commercially to improve electroplating on aluminium. This has 
been achieved by the modification of the zincate solution and implementing changes in the 
pretreatment sequence. The application of modified alloy zincate solution and double dip 
zincating were reviewed and discussed. The most common method currently is to directly 
electroplate nickel onto aluminium but this is made difficult due to the complex geometry of the 
components. The electroless nickel deposition process was discussed in general and also for 
specific applications to aluminium and the interface of the zincated layer in the electroless nickel 
bath. Electroplating from hexavalent chromium was reviewed for decorative and functional 
applications. Conventional nickel/chromium coating is thought to be improved by providing 
discontinuities on the chromium coating and increasing the surface area of exposed nickel.  The 
concept of micro-discontinuous chromium coating was also discussed with multilayer nickel 
combination.  Although hexavalent chromium provides unique engineering properties to metals 
in terms of wear and corrosion resistance, electroplating from hexavalent chromium is currently 
under pressure due to health and safetly implications. Different alternatives have been suggested 
to replace hexavalent chromium but so far trivalent chromium has emerged as one of the most 
promising and suitable alternatives for chromium electroplating. The advantage of trivalent 
chromium electrolyte bath over hexavalent equivalent for decorative applications is that it is not 
carcinogenic, however, the solution is susceptible to impurities and electroplating thickness is 
limited. Difficulties associated with trivalent chromium electroplating for functional (hard) 
applications were also reviewed. 
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CHAPTER 3: RESEARCH METHODOLOGY 
 
3.1 Introduction  
This chapter presents the research methodology for achieving chromium electroplating of 
aluminium substrates and describes all techniques associated with achieving this objective. The 
chapter also includes surface characterisation techniques and procedures for mechanical and 
corrosion testing of chromium electroplated samples.  
3.2 Experimental Procedure  
 
The methodology adopted starts with pretreatment of the aluminium samples using the zincating 
process. Pretreatment of aluminium involves cleaning, etching, desmutting and zincating. The 
zincate removes the oxide layer and minimises re-oxidation of the Al 1050 and Al 6061 surfaces 
before the duplex nickel and chromium are deposited onto the alloys. Duplex nickel deposition 
consists of a relatively thick semi-bright nickel followed by bright nickel. Duplex 
nickel/chromium deposition is modified using an electroless nickel undercoat for chromium. 
Microporous chromium deposition is achieved by depositing a microporous nickel before 
hexavalent or trivalent (chloride based) chromium. Overall, four different types of chromium 
coating were adopted as follows: 
(i)    Pretreatment/Duplex nickel/Microporous nickel/Hexavalent chromium  
(ii)   Pretreatment/Duplex nickel/Microporous nickel/Trivalent chromium 
(iii)  Pretreatment/Electroless nickel/Duplex nickel/Microporous nickel/Hexavalent chromium 
(iv)  Pretreatment/Electroless nickel/Duplex nickel/Microporous nickel/Trivalent chromium  
Surface charactetisation of Al 1050 and Al 6061 at pretreatment, electroless nickel deposition 
and chromium coating stages has been carried out while the durability of the chromium coatings 
obtained from the four variant above coatings was evaluated using mechanical and corrosion 
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testing. The research deliverables for chromium electroplating with the four different settings are 
shown in Figures 3.1-3.4. Figures 3.1-3.4 show process sequences for chromium 
(hexavalent/trivalent) coatings with and without electroless nickel undercoats and the techniques 
used to analyse the chromium coatings. 
 
 
Figure 3.1: Pretreatment process sequence and analysis techniques used for zinc deposits onto Al 
1050 and Al 6061.  
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Figure 3.2: Electroless nickel deposition process sequence when used as an undercoat for 
chromium electroplating onto Al 1050 and Al 6061 and also the analysis techniques used for the 
electroless nickel deposits. 
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Figure 3.3: Duplex nickel/chromium coatings process sequence onto Al 1050 and Al 6061 and 
analysis techniques used for the chromium deposits. 
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Figure 3.4: Duplex nickel/chromium coatings process sequence onto Al 1050 and Al 6061 with 
electroless nickel undercoat and analysis techniques used for the chromium deposits.  
 
 
 
 
Hardness testing 
of chromium 
coatings of  
Al 1050 
 and Al 6061 
Evaluation of chromium coatings  
(Hexavalent/Trivalent)  
onto Al 1050 and Al 6061 
Preatreatment of   
Al 1050 and 
Al 6061 
 in Bondal 
solution 
Electroless 
nickel 
deposition onto  
Al 1050 and  
Al 6061  
Semi bright 
nickel 
electrodeposition 
onto Al 1050 
and Al 6061 
Bright nickel 
electrodeposition 
onto Al 1050 
and Al 6061 
Hexavalent/Trivalent 
chromium  
electrodeposition onto 
Al 1050 and Al 6061 
Microporous nickel 
electrodeposition 
onto  
Al 1050 and Al 6061 
 
Microscopic 
evaluation 
 
Mechanical 
evaluation 
 
Physical 
evaluation 
 
Corrosion evaluation 
 
Surface characterisation of 
chromium coatings of 
Al 1050 and Al 6061 using 
Scanning electron 
microscopy and  
Atomic force microscopy 
 
 
Adhesion testing 
of chromium 
coatings of  
Al 1050 and  
Al 6061 
 
Corrosion evaluation of  
chromium coatings of  
Al 1050 and Al 6061 using  
Copper accelerated acetic 
acid salt spray test and  
Linear polarisation  
electrochemical test 
  
108 
3.3 Process sequence for chromium electroplating of Al 1050 and Al 6061 
 
Hexavalent and trivalent chromium were electrodeposited in accordance with British Standard-
1224: (1970). The process sequence for chromium electrodeposition onto Al 1050 and Al 6061 
with coatings and thicknesses is shown in Figures 3.5 -3.6  
 
 
 
 
 
 
 
 
 
                                                                          
                                                                            (a)                                                         
  
 
 
 
 
 
 
 
 
 
  
                                                                           (b)                                                                        
Figure 3.5: (a) Duplex nickel/hexavalent chromium and (b) Duplex nickel/trivalent chromium 
electrodeposition onto Al 1050 and Al 6061.  
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Figure 3.6: (c) Duplex nickel/hexavalent chromium (d) Duplex nickel/trivalent chromium 
electrodepostion onto Al 1050 and Al 6061 with electroless nickel undercoat. 
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3.4  Chromium electrodeposition onto Al 1050 and Al 6061 
Aluminium 1050 and 6061 have been commonly subjected to chromium electrodeposition. Al 
1050 especially, is widely used for different applications in the manufacturing industry and is 
commercially available in sheet form and has excellent resistance to corrosion and is easily 
welded and fabricated.  Aluminium 6061 is the most versatile of heat treatable aluminium alloys 
and has been used extensively due to benefits of medium strength, formability, weldability, 
corrosion resistance, and low cost (Polmear, 1995; Cai, 2004). Al 6061 is widely used in 
transportation, aerospace, architectural and various other industries. Both aluminium samples 
1050 and 6061 were supplied by Metalweb, (2007). The aluminium samples were guillotined to 
size as required for the pretreatment immersion process and electroless nickel deposition with the 
following dimensions: 25 mm X 25 mm X 1 mm for Al 1050 and 25 mm X 25 mm X 1.5 mm for 
Al 6061, respectively. Similarly, samples were guillotined to size as required for chromium 
electrodeposition with and without electroless nickel deposition with the following dimensions: 
150 mm X 100 mm X 1 mm for Al 1050 and 150 mm X 100 mm X 1.5 mm for Al 6061, 
respectively The chemical composition of Al 1050 and Al 6061 is shown in Tables 3.1 and 3.2 
(Aluminium Federation, UK, 2003, Metalweb, 2007). 
(a) Chemical composition of Al 1050 and Al 6061  
Chemical composition ( % ) Material 
designation Si Fe Cu Mn Mg Zn Ti Others Al 
Al 1050 0.25 
(max) 
0.4 
(max) 
0.05 
(max) 
0.05 0.05 
(max) 
0.07 
(max) 
0.05 
(max) 
0.03 Balance 
 
Table 3.1: Chemical composition of Al 1050 (Aluminium Federation, 2003., Metalweb, 2007). 
 
Chemical compositions ( % ) Material 
designation Si Fe Cu Mn Mg Zn Ti Cr Others Al 
Al 6061 0.4-0.8 
(max) 
0.7 
(max) 
0.15-
0.40 
0.15 
 
0.8-
0.12 
0.25 
(max) 
0.15 
(max) 
0.04-
0.35 
0.15 
(max) 
Balance 
 
Table 3.2: Chemical composition of Al 6061 (Aluminium Federation, 2003., Metalweb, 2007). 
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(b) Physical and mechanical properties of Al 1050 and Al 6061 
The physical and mechanical properties of Al 1050 and Al 6061 are shown in Tables 3.3-3.6 
(Polmear, 1995; Aluminium Federation, 2003 and Alcoa, 2006 Data sheet). 
Physical Properties of Al 1050 Values 
Temper H14 
Density 2.71 g/cm3 
Poisson’s  ratio 0.33 
Melting point 650oC 
Electrical resistivity 0.0282×10-6  Ω.m 
Thermal conductivity 222.0  W/m.k 
Thermal expansion 24×10-6 /K 
 
Table 3.3: Physical properties of Al 1050 
 
 
 
 
 
 
 
 
 
 
 
Table 3.4: Mechanical properties of Al 1050 
 
 
 
 
 
 
 
 
 
Table 3.5: Physical properties of Al 6061 
 
Mechanical Properties of Al 1050 Values 
Modulus of elasticity 71 GPa 
Tensile strength 115 MPa 
Proof stress 105 MPa 
Shear strength 70 MPa 
Hardness 36 HV 
Physical properties of Al 6061 Values 
Temper state T6 
Density 2.7 g/cm3 
Specific gravity 2.7 
Melting point 580oC 
Modulus of elasticity 70-80 GPa 
Poisson’s ratio 0.33 
Thermal expansion 23.5x10-6 /K 
Thermal conductivity 173.0 W/m.K 
Electrical resistivity 3.7 – 4.0 x10-6 Ω.cm 
  
112 
 
 
 
 
 
 
 
 
 
 
 
Table 3.6: Mechanical properties of Al 6061. 
 
3.5 Chemical solutions used for chromium electrodeposition onto Al 1050 and Al 6061 
 
Chemical solutions used for chromium electrodeposition on Al 1050 and Al 6061 were 
proprietary solutions (MacDermid, 2000). Minco cleaner and 66-Microetch were used for 
cleaning while Bondal solution was used for zincating. Vand-Aloy 6000 was used for electroless 
nickel deposition. NiMac SF and NiMac Clarion II were used for semi bright and bright nickel 
electroplating while NiMac Hypore XL was used for microporous nickel electroplating. TriMac 
III and Mach II were used for trivalent and hexavalent chromium electroplating. 
3.5.1 Solutions used for pretreatment of Al 1050 and Al 6061  
Minco cleaner (alkaline cleaning), 66-Microetch (desmutting) and Bondal solution (zincating) 
were recommended for the pretreatment of Al 1050 and Al 6061 samples (MacDermid, 2000). 
(a) Minco Cleaner 
Minco cleaner, a proprietary non-etch solution (MacDermid, 2000) was used to clean Al 1050 
and Al 6061. It does not contain silicates, sodium hydroxide or cyanide. The physical/chemical 
properties and operating conditions of the Minco cleaner are as follows; 
Concentration ……….40 g/litre of water 
pH                      ……..0-10 
Immersion time   …….3 min 
Mechanical properties of Al 6061 
 
Values  
Ultimate tensile strength 
 
260 -310 MPa 
Tensile yield strength 
 
240- 276 MPa 
Elongation at fracture 
 
12% 
Modulus of elasticity 
 
68.9 GPa 
Shear strength 
 
186 MPa 
Brinell hardness (500 kg load,10 mm ball) 95-97 
  
113 
Temperature    ……….65oC 
(b) 66-Microetch  
66-Microetch, a proprietary solution (MacDermid, 2000) was used to desmut Al 1050 and Al 
6061. The physical/chemical properties and operating conditions of the 66-Microetch solution 
are as follows; 
Concentration   ……40 g/litre of water 
pH                     …....2-3 
Immersion time .…..3 min 
Temperature      …...20 to 25oC 
 
(c) Bondal solution 
The Bondal solution, a proprietary solution (MacDermid, 2000), was used for subsequent duplex 
nickel and chromium electrodeposition. It consists of nickel sulphate hexahydrate, sodium 
cyanide, sodium hydroxide, and zinc sulphate heptahydrate. The first Bondal layer is normally 
deposited onto samples for 90 sec after an acid etch in 66-Microetch solution. The first Bondal 
layer is then stripped off by immersion in 66-Microetch solution for 45 sec and the second 
Bondal layer is deposited by immersion in Bondal solution for 30 seconds. Bondal solution is 
stirred preferably manually to prevent striation of the solution and to get a uniform film over the 
samples. 
3.5.2 Electroless nickel deposition solutions for Al 1050 and Al 6061  
VAND-ALOY 6000, a proprietary solution (MacDermid, 2000), was used for nickel deposition 
onto Al 1050 and Al 6061. The chemical composition and operating conditions of VAND-
ALOY 6000 are as follows; 
Source of nickel ion          ............5.4-6.3 g/L 
Sodium Hypophosphite   .............27-33  g/L 
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Temperature                     ……….85-90oC 
Deposition rate           …………...15-20 microns/hour 
Bath loading              …………… 0.25-2.5 dm2/L 
pH                              ……………4.8-5.2 
 
 
The electroless nickel bath used in this study was made up of 5 % by volume of VAND-ALOY 
6000A and 15 % by volume of VAND-ALOY 6000B. The bath was filled with one half of its 
volume with deionised water and then VAND-ALOY 6000 A, and Vand-ALOY 6000 B were 
added in the required amounts. The bath was then filled to its operating level and mixed 
thoroughly.  The pH of the solution was monitored during deposition and adjusted to the required 
working pH range. The pH was adjusted by adding dilute ammonium hydroxide (50% by 
volume) to increase the pH or dilute sulphuric acid (10% by volume) to decrease the pH. The 
solution was then heated to 88-90oC.  
3.5.3  Duplex nickel/chromium deposition solutions for Al 1050 and Al 6061 
 
Proprietary solution NiMac SF and NiMac Clarion II were used for semi-bright and bright nickel 
electrodeposition onto Al 1050 and Al 6061 samples, while NiMac Hypore XL was used for 
microporous nickel electrodeposition.  
(a) Semi-bright nickel solution for electrodeposition onto Al 1050 and Al 6061 
NiMac SF, a proprietary solution (MacDermid, 2000), was used for semi-bright nickel 
electrodeposition with nickel in titanium basket as the anode of the electroplating bath. The 
composition of the semi-bright nickel solution and the operating conditions used are as follows; 
Nickel Sulphate (NiSO4.6H2O)  ……. 225-350 g/L  
Nickel Chloride (NiCl2.6H2O)    ……. 30-40 g/L 
Boric acid (H3BO3)                    …….. 40-50 g/L 
Temperature                               ……...54-60oC 
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pH                                               ……...3.6-4.4 
Cathode current density              ……...3-7 A/dm2 
Anode current density                 ……...1-3 A/dm2 
Auxiliary anode current density   ……..0.2-0.8 A/dm2 
 
(b) Bright nickel solution for electrodeposition onto Al 1050 and Al 6061 
NiMac Clarion II, a proprietary solution (MacDermid, 2000), was used for bright nickel 
electrodeposition. The chemical composition and operating conditions used are as follows; 
Nickel metal                               ........75-82 g/L 
Nickel Sulphate (NiSO4.6H2O) …....255- 285 g/L 
Nickel chloride (NiCl2.6H2O)   …….60-90 g/L 
Boric acid (H3BO3)                   …….45-49 g/L 
Temperature                              …….50-60oC 
pH                                              …….4.2-4.8 
Cathode current density            ……..2-8 A/dm2 
Solution agitation                     ……..Air agitation 
 
 
(c) Microporous nickel solution for electrodeposition onto Al 1050 and Al 6061 
NiMac Hypore XL, a proprietary solution (MacDermid, 2000), was used for microporous 
chromium electrodeposition (after coating duplex nickel) onto Al 1050 and Al 6061 samples. 
The chemical composition and operating conditions for microporous nickel deposition are as 
follows; 
Nickel Sulphate (NiSO4.6H2O)   ……225-374 g/L 
Nickel Chloride (NiCl2.6H2O)     ……60-90 g/L 
Boric acid (H3BO3)                     …….41-50 g/L 
Temperature                                …….55-63oC 
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pH                                               ……..3.8-4.2 
Cathode current density              ……..2-5 A/dm2 
Anode current density                ……...1-1.5 A/dm2 
Agitation                                    ………Mild uniform air 
 
(d) Trivalent chromium solution for electrodeposition onto Al 1050 and Al 6061 
TriMac III, a proprietary solution (MacDermid, 2000), was used for decorative trivalent 
chromium electrodeposition. The chemical composition and operating conditions of TriMac III 
are as follows; 
TriMac III conductivity salts  ……..250-320 g/L 
Total chromium metal            ……...10-20 g/L    
Temperature                           ……...50-65oC 
pH                                           ……...3.2-3.8 
Cathode current density          ……...7-15 A/dm2 
Voltage                                   ………Up to 12 Volts 
Agitation                                ……….Mild air agitation or gentle solution movement 
 
(e) Hexavalent chromium solution for electrodeposition onto Al 1050 and Al 6061 
Mach II, a proprietary solution (MacDermid, 2000), was used for decorative hexavalent 
chromium electrodeposition. The solution is based on chromic acid with chromium in the 
hexavalent state. The chemical composition and operating conditions of Mach II are as follows; 
Chromium salts                     ……..240 g/L 
Temperature                         ……...38-43oC 
pH                                         ……...2-3.8 
Cathode current density        ……...9-15 A/dm2 
Voltage                                 ………4.5-8 Volts 
Anode                                   ………Tin/Lead 
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3.6 Surface characterisation techniques used for Al 1050 and Al 6061 samples 
Surface characterisation of aluminium samples was studied during pretreatment, electroless 
nickel, and chromium electroplating stages. The samples were examined during these stages 
using surface analysis techniques such as; Scanning Electron Microscopy, Optical Microscopy, 
X-ray Photoelectron Microscopy, X-ray Diffraction, and Atomic Force Microscopy. 
 
3.6.1 Scanning electron microscopy and Energy dispersive X-ray analysis 
Scanning electron microscopy was carried out to study the nucleation, growth, and degree of 
coverage of zinc deposits on Al 1050 and Al 6061 after a double dip in the Bondal solution for 2 
sec, 5 sec, 10 sec, 15 sec, 20 sec, 25 sec, and 30 sec. Energy-dispersive X-ray analysis (EDXA) 
was used to study the elemental distribution of the zinc deposits from the double dip in the 
Bondal solution. Surface characterisation of zincated aluminium Al 1050 and Al 6061 was also 
carried out scanning electron microscopy during the early stages of the electroless nickel 
immersion process for 2 sec, 5 sec, 10 sec, 20 sec, 40 sec, 1 min, 2 min,3 min and 4 min. Energy-
dispersive X-ray analysis (EDXA) was used for elemental distribution of electroless nickel 
deposits onto both aluminium samples. Scanning electron microscopy was used to view the 
chromium deposits produced in cross section and also to study corrosion behaviour of both 
samples in a CASS test.  
A ZEISS EVO scanning electron microscope 60 series interfaced with smart SEM software was 
used with a resolution of 3.0 nm at 0.2-30 KeV acceleration voltage and a magnification of up to 
5-1,000,000X with 3072 × 2304 pixel images. In using scanning electron microscopy, electrons 
are accelerated in a vacuum chamber and beams of fast moving electrons are focused on the 
sample. When the electron beam strike the sample, backscattered electrons, secondary electrons, 
X-rays, and auger electrons are scattered by the object so as to form an image. During scanning 
electron microscopic examination, the effects of accelerating voltage, aperture size, working 
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distance and sample tilting were studied. The working principle of a scanning electron 
microscope is shown in Figure 3.7. 
 
Figure 3.7: Schematic diagram of a Scanning Electron Microscopy system (Lewis, 1992)  
 
The number of electrons reflected from the specimen surface is a function of atomic number and 
sample orientation with respect to the electron beam. Atomic number contrast enables 
compositional images to be formed which reveal phases of different composition within surface 
coatings. Backscattered detectors are able to distinguish between phases, atomic numbers and 
topographical contrast (Goodhew and Humphreys, 1988; Lewis, 1992). Qualitative elemental 
analysis is used to identify elements in a sample using an energy dispersive X-ray spectrometer 
combined with the scanning electron microscopy. Elemental determination can be achieved by 
peak energy levels and the peaks are characteristic for each element (Lewis, 1992). Energy 
dispersive X-ray analysis (EDXA) quantifies the elements by calculating the area under the peak 
of each identified element after taking into account the accelerating voltage of the beam used to 
produce the spectrum. EDXA performs calculations to create sensitivity factors that will convert 
the area under the peak into weight or atomic percentage (Bell and Garratt, 2003).  
Magnification 
 control 
Amplification Detector 
Scan   
Generator 
 
Sample  
Display 
Electron gun 
Lens 
Aperture  
Sample  
Scan coil 
Vacuum  
system 
Electron 
beams  
Anode
Backscattered and 
secondary electrons 
  
119 
3.6.2  X-ray Diffraction  
X-ray diffraction (XRD) technique was carried out to study the phase and crystal structure during 
the pretreatment and electroless nickel immersion stages. A Philips diffaractometer has been 
used for X-ray diffraction experiment which operates at 40 KV and 40 mA with a step size of 
0.02 degree and sample time of 0.05 degree/sec. The peak angle range is 3.0-100.0 degree and 
the range for D-spacing was 1.006-29.427 Å, while the maximum intensity is 1414 counts or 
3534.4 cycles/sec. Data was collected from a Micro VAX computer interfaced with VMS 
operating system and signals from raw data are stripped of Cu Kα2 (1.540, 1.544 Å) lines. The 
schematic diagram of the X-ray Diffraction system is shown in Figure 3.8. 
 
 
 
Figure 3.8: Schematic diagram of X-ray Diffraction system (Culitty and Stock, 2001). 
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X-ray diffraction (XRD) is based on observing the scattered intensity of an X-ray beam hitting a 
sample. Data from XRD is recorded as a function of incident and scattered angle, polarization, 
and wavelength or energy (Vitalij and Peter, 2005). The X-rays are diffracted according to 
Bragg’s law (Underwood and Peskett, 1971), as they are reflected from successive planes formed 
by the crystal lattice of the material. The diffraction pattern, that includes positions (angles) and 
intensities of the diffracted beam, provides information about the sample. X-ray diffraction 
spectra are obtained by plotting X-ray intensity against angle θ which provides crystallographic 
structure of the sample. According to Culitty and Stock (2001) and Hammond (2001), phase 
identification is achieved by matching the XRD pattern with reference to patterns for pure 
substances. X-ray diffraction data processing software and the joint committee on powder 
diffraction standards (JCPDS) card index file (ICDD, 1993) were also used to study X-ray 
diffraction spectra peaks. Scherrer and Warren-Averbach’s method (Kril and Birringer, 1998) are 
used to calculate the grain size as a function of peak width, specified as the full width at half 
maximum peak intensity (FWHM), peak position and wavelength. Scherrer’s method was used 
to calculate the grain size of zinc deposits on both aluminum samples from a double dip in 
Bondal solution in this study. The grain size is calculated with respect to the volume-weighted 
size (Dvol) as given by Scherrer’s formula;  
Dvol = K λ /FWHM × Cosθ …………………………………………………………(3.1) 
Where, K is a constant and has a value between 0.85 and 0.99 and FWHM, is the Full Width at 
Half Maximum.  
λ, is the wavelength of the copper X-ray (1.5418Å) and θ,  is the angle of incidence of the X-ray 
beam. 
3.6.3 X-ray photoelectron spectroscopy  
The X-ray photoelectron spectroscopy (XPS) technique was used to study the behaviour of Al 
1050 and Al 6061 after 2 sec, 30 sec and 60 sec of immersion time in the electroless nickel bath. 
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The interface characteristics of zincated Al 1050 and Al 6061 with nickel-phosphorus deposits 
were studied during the early stage of electroless nickel deposition. 
 
The analysis was conducted using a Thermofisher ESCALAB 250 photoelectron spectrometer 
equipped with a hemispherical sector energy analyzer. X-ray photoelectron analysis (XPS), 
shown in Figure 3.9, is a surface chemical analysis technique. It analyses the surface chemistry 
of samples and also measures elemental composition present on the surface. It involves 
irradiating the sample with X-rays of a characteristic energy causing photoelectrons to be ejected 
with a range of energies depending on the elements present. The emitted electrons are then 
collected and transferred through apertures and focused onto an energy analyzer entrance to be 
sorted out by their energies.  
 
 
Figure 3.9: Schematic diagram of X-Ray Photoelectron spectroscopy system (Seah and Briggs, 
1992) 
 
XPS provides information about the elements present at the sample surface from electron energy 
identification. The chemical status of the element thus demonstrates the types of compounds 
present at the surface. XPS combined with argon ion etching of the sample is used to obtain 
information below the surface. A typical XPS spectrum is a plot of the number of electrons 
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detected (Y-axis) versus the binding energy of the electrons detected (X-axis). Each element 
produces a characteristic set of XPS peaks at characteristic binding energy values that directly 
identifies each element that exists on the surface of the material being analyzed. These peaks 
correspond to the electron configuration within the atoms, e.g. 1s, 2s, 2p and 3s. The number of 
electrons detected in each of the characteristic peaks is directly related to the elemental 
composition and concentration within the area irradiated (Seah and Briggs, 1992). 
Monochromatic Al Kα X-ray source has been used for analysis to enhance the resolution. An 
excitation energy of 15 KeV and emission current of 6 mA, analyzer pass energy of 20 eV with 
step size of 0.1 eV and a dwell time of 100 ms were used throughout the experiments. The base 
pressure within the spectrometer during examination was more than 5 x 10-10 mbar and this 
ensures that all signals recorded were from the sample surface. Argon ion bombardment was 
carried out with a beam energy of 3 keV, and sample current of 1µA over a testing area of about 
3x3 mm2. However, the area selected for photoelectron spectroscopy analysis was 500 µm in 
diameter to obtain a representative survey scan of the sample. X-ray photoelectron spectroscopy 
was also used to study the interface for different elements present on Ni-P deposits for 30 sec 
from the electroless nickel bath. The etching time for the nickel-phosphorus deposited layer was 
4900 sec as applied to Al 1050 (30 sec) and up to 960 sec for Al 6061 (30 sec). XPS survey 
scans were recorded for all samples to identify the elements present. 
3.6.4 Atomic force microscopy 
The atomic force microscopy technique was carried out on four coatings on Al 1050 and Al 
6061. The chromium electroplated samples were examined using the Thermo Microscope and 
MS Interface Module atomic force microscope. Scans were performed in the sample centre 
collecting both topographical and internal sensor data. The high resolution of the AFM provides 
different features of the chromium coatings on both aluminium samples. The most common 
statistical parameters obtained from atomic force microscopy were Ra (the average roughness 
deviation) and Rrms (the root mean square roughness deviation) respectively. Ra and Rrms values 
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for the four different coatings onto Al 1050 and Al 6061 were calculated from topographical data 
using SPMLab 5.01 software.  
Atomic force microscopy produces images by recording interaction forces between the apex of 
probe tip and atoms present at the sample surface as the tip is scanned over the surface of the 
sample (Smith et al., 1998 and Smith et al., 2003). The distance between the probe and the 
samples, probe geometry, nature and contamination of the sample surface are the criteria that 
produce interaction forces. The schematic of an atomic force microscopy experimental 
arrangement is shown in Figure 3.10 
 
Figure 3.10: Schematic diagram of Atomic Force Microscopy system (Smith et al. 2003) 
 
 
3.7 Mechanical testing and corrosion testing of chromium electroplated samples. 
Adhesion and hardness tests were carried out to appreciate the durability of chromium 
electroplated samples Al 1050 and Al 6061. A compression mounting technique using bakelite 
was used to mount coated samples for examining the surface and it involved producing an 
encapsulation of the samples by heat and pressure (Stutzman and Clifton, 1999). Small pieces 
were sectioned from the chromium coated samples and then placed on a mounting sleeve in the 
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molding chamber under controlled temperature and pressure. Grinding and polishing are 
necessary steps aimed to minimize topographic contrast. It is also necessary that microstructures 
to be observed are smooth and free from any surface roughness. Grinding was carried out using 
different sizes of 600-grit silicon carbide while 6-microns alumina powder and 1micron-diamond 
paste were used for polishing. Before SEM characterisation, the sample was cleaned and 
completely dried and surface oils or dirts were removed with methanol or acetone.  Scanning 
electron micrographs of the samples were produced from the ZEISS-EVO scanning electron 
microscope for corrosion analysis after the CASS test for 24, 48 and 96 hours. 
3.7.1 Adhesion test technique for chromium electroplated Al 1050 and Al 6061 samples  
The adhesion test for variants of chromium (hexavalent and trivalent) coated Al 1050 and Al 
6061 was carried out to characterize the adhesive strength of coatings using the scratch tester ST 
30 as shown in Figure 3.11. The scratch tester ST 30 is designed for assessing the adhesion of 
coatings deposited on flat substrates. 
 
 
Figure 3.11: An image of ST30 for carrying out scratch adhesion test (Stallard et al., 2006) 
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The ST30 scratch tester has a diamond indentor tip (Rockwell spherical cone) with a cone angle 
of 120 degree. The tip radius was 0.2 mm and load range was 1.0-200.0 N (Stallard et al., 2006). 
The scratch tester enables measurement of the critical load at which a coating first shows signs of 
failure. The coated aluminium samples were mounted on a sloping table that was driven in the 
scratch direction. The test speed, angle of slope of the table, and the final load were set as 
required. The indentor was loaded on to the sample until the selected initial load was reached. 
The tangential force, the penetration depth, and the acoustic emission signals were recorded as 
test data, along with the normal force. By measurement of the total length of the scratch and 
distance along the scratch at which failure first occurs, the critical load of the coating was 
calculated. The critical load was recorded as the normal force at which the damage was first 
observed. The lower critical load is taken as the load at which the coating shows the first signs of 
failure while the upper critical load corresponds to the point where the coating was removed in a 
regular way along the whole channel length (Perry, 1983., Burnett and Rickerby, 1987 and 
1988., Bull, 1991, Bull and Berasetegui, 2006). The scratch testing technique to measure 
coating/substrate adhesion is shown in Figure 3.12 
 
Figure 3.12: Scratch adhesion test technique showing loading applied on coated sample (Bull and 
Berasetegui, 2006). 
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Scratch adhesion testing was carried out with single pass under progressive loading of 0-200 N 
with a scratch speed of 5.0-400 mm/minute. The indentor tip was drawn across the coatings with 
a loading rate of 100 N/mm and a sliding speed of 10 mm/min. At the start of testing, a 5N load 
was applied in order to identify the start of the scratch track and the test continued with an 
increase in friction which corresponds to the substrate being exposed. The critical load and any 
type of failure event can be detected and observed in terms of frictional force, acoustic emission 
and first derivative of friction. The critical load data are used to quantify the adhesive properties 
of different film- substrate combinations. In addition to acoustic emission, the scratch adhesion 
test measures the applied normal force, the tangential (friction) force and the penetration depth. 
These parameters, together with the acoustic emission, constitute a unique signature of the 
coating system under scratch test. The track or indentation channel obtained from scratch 
adhesion testing was then examined using scanning electron microscopy.  
3.7.2 Hardness test technique for chromium electroplated Al 1050 and Al 6061 samples  
The hardness of chromium deposits on eight different samples of Al 1050 and Al 6061 were 
examined. Vickers hardness technique testing was carried out using a Zwick Roell-Z20, 20 KN 
materials testing machine as shown in Figure 3.13. 
 
 
Figure 3.13: An image of the Zwick-Roell test machine for carrying out hardness testing of 
coated sample (Zwick Roell Hardness testing, 2007) 
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The Zwick Roell testing machine was interfaced with X-pert software which controls, monitors 
hardness characteristics such as nominal force, travel speed range, mounting height, and 
calibration factors. Indentation depth, diagonals of the diameter and test loads are used for 
calculating the hardness of the coating (Zwick Roell Hardness testing, 2007). The Zwick Roell 
testing machine is flexible with regard to load application, holding test samples and load 
removal, position or load controlled. The automated cyclic indentation results evaluate elastic 
resilience, interval for volume hardness and unloading surges in the testing cycles. The defined 
load is applied through a Vickers diamond indentor and is pressed into the test samples. Figure 
3.14 shows the schematic diagram for Zwick Roell testing machine. 
             
Figure 3.14: Schematic diagram of load applied and indentation made using Zwick Roell testing 
machine (Zwick Roell Hardness testing, 2007). 
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conventional hardness testers. Zwick Roell provides a unique and innovative feature of hardness 
test applied to the four coatings on Al 1050 and Al 6061. The hardness of a material is normally 
related to its resistance to plastic deformation usually determined by indentation which is based 
on applying a known load for a definite time (ISO-4516, 2002). The Vicker hardness test uses a 
square based diamond pyramid indentor where the angle between the opposite forces of the 
pyramid is 136 degree. The Vickers hardness number (VHN), is calculated as the load divided by 
the surface area of the indentation made in the surface of a test specimen. According to Chandler 
(1999), the Vickers hardness number (VHN) is expressed as; 
VHN = 1.854 P/L2 ……………………………………………………………… (3.1) 
Where ‘P’ is the applied force in kg and ‘L’ is the average length of penetration diagonals 
(contact area of indentation) in mm. 
The primary variables in hardness testing are test load, indentation area, and indentation depth. 
The hardness value is determined by one of the following methods; indentation depth and 
through a different material response. The applied load is registered as work of indentation and 
displacement approach. However, the conventional method has been replaced by depth-sensing 
indentation tests. The new hardness technique is based on depth measurement which provides 
mechanical parameters such as elastic modulus of the interfacial area of the indentor and the 
component (substrate or coatings).  Measurement of the diagonal length of the indent/impression 
demonstrat the hardness of the material and is a difficult parameter to record accurately. The 
hardness is generally determined by using the Oliver and Pharr (1992) method which is based on 
the definition of a contact depth. A penetration load is applied to an indentor which measures the 
depth of penetration and the area of contact at full maximum load is recorded by the depth of the 
impression and the angle and radius of the indentor. The hardness is calculated by dividing the 
load by the area of contact and the test load and associated indentation depth during loading and 
load removal are recorded (Franco et al., 2004 and Uzun et al., 2008). Material hardness is based 
on indentation depth and load applied on the substrate illustrated by the continuous load-
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indentation depth curve in a complete cycle as shown in Figure 3.15. The applied load is held for 
predetermined time for loading and unloading and registered as a function of indentation depth. 
The result measures the loading curve for applied load, while the unloading curve represents the 
test load removal. Two depths are measured for surfaces of residual plastic indentation (final 
depth after unloading) and maximum indentation depth at the applied load. Figure 3.16 shows a 
sink in around a sharp indentor. The sink-in deformation demonstrates indentation behaviour and 
nature of coated samples as it depends on the relative indentation depth and mechanical 
properties of the coating and substrate. 
 
 
 
 
Figure 3.15: Typical load-indentation depth profile during a depth-sensing indentation 
experiment, showing key parameters needed for analysis (Franco et al., 2004 and Uzun et al., 
2008). 
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Figure 3.16: Schematic diagram of sink-in around a sharp indentor (Franco et al., 2004 and Uzun 
et al., 2008). 
 
3.8 Corrosion testing of chromium electroplated Al 1050 and Al 6061 samples 
Corrosion testing of chromium electroplated Al 1050 and Al 6061 samples was carried out using 
a copper accelerated acetic acid salt spray test (CASS) and electrochemical corrosion linear 
polarization techniques.  
3.8.1 Copper accelerated acetic acid salt spray test (CASS Test) 
The copper accelerated acetic acid salt spray test was developed specifically to test 
nickel/chromium and copper/nickel/chromium electrodeposited coatings and it is also used to 
determine the corrosion resistance of various aluminum alloys (Meade, 2000). Acetic acid salt 
spray test is useful for testing decorative coatings of copper/nickel/chromium or 
nickel/chromium. The copper-accelerated acetic acid salt spray test (ASTM, B-368) is more 
rapid than the acetic acid salt spray test (ASTM, B287) and has been used in many automotive 
applications. The CASS test was carried out for chromium electroplated Al 1050 and Al 6061 
samples according to CASS test BS EN ISO 9227: (2006) for the assessment of the corrosion 
resistance of Al 1050 and Al 6061 coated samples with or without permanent or temporary 
corrosion protection. The CASS test was subjected to the following test specification: 
Apparent contact diameter 
True contact diameter 
Indentor side Surface  
Sink in  
Contact depth 
Elastic /plastic indentation 
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Test temperature         ……..  50 ± 2oC 
Test solution              ……… 50 ± 5 g/L salt in demineralised water (5.0µS/cm) 
Salt assay                  ……..... (NaCl < 99.9 %.  Ni > 0.001  %, Cu > 0.001 %) 
Solution pH              ………. 3.1-3.3 
Solution specific gravity ……1.032 at 35oC 
 
Aluminium samples of dimension 100 mm x 50 mm were cleaned carefully to eliminate dirt, oil 
or other foreign matter which could influence the test results. The edges of both aluminium 
samples were protected by adhesive tape and the samples were then placed in the testing 
chamber for the corrosion test. The CASS test was carried out for durations of 24, 48 and 96 
hours. Table 3.7 shows a breakdown of all chromium electroplated Al 1050 and Al 6061 samples 
subjected to the Copper Acetic Acid Salt Spray Test (CASS).  
Aluminium samples  
 
Corrosion Test Duration 
Duplex nickel + Microporous nickel + Hexavalent chromium 
onto Al 1050 
24  
hours 
48 
hours 
96 
hours 
Duplex nickel + Microporous nickel + Hexavalent chromium 
onto Al 6061 
24  
hours 
48 
hours 
96 
hours 
Duplex nickel + Microporous nickel + Trivalent chromium 
onto Al 1050 
24  
hours 
48 
hours 
96 
hours 
Duplex nickel + Microporous nickel + Trivalent chromium 
onto Al 6061 
24  
hours 
48 
hours 
96 
hours 
Duplex nickel + Microporous nickel + Hexavalent chromium 
onto Al 1050 with electroless nickel undercoat 
24  
hours 
48 
hours 
96 
hours 
Duplex nickel + Microporous nickel + Hexavalent chromium 
onto Al 6061 with electroless nickel undercoat 
24  
hours 
48 
hours 
96 
hours 
Duplex nickel + Microporous nickel +Trivalent chromium  
onto Al 1050 with electroless nickel undercoat 
24  
hours 
48 
hours 
96 
hours 
Duplex nickel + Microporous nickel +Trivalent chromium  
onto Al 6061 with electroless nickel undercoat 
24  
hours 
48 
hours 
96 
hours 
 
Table 3.7: Schedule for CASS test for Al 1050 and Al 6061 samples. 
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The aluminium coated samples were placed in the test chamber facing upwards at an angle of 15 
degree to the vertical. Twenty four chromium coated samples were arranged in the test chamber 
in such a way that they did not come into contact with the test chamber and that the surface to be 
tested were exposed to the free circulation of spray. A periodic visual examination of the 
aluminium samples under test for the predetermined period was carried out. At the end of the test 
period, samples were allowed to dry for one hour before rinsing in order to reduce the risk of 
removing corrosion products. The test results from both aluminium samples were then evaluated 
using optical microscopy and scanning electron microscopy. 
3.8.2 Linear polarization corrosion measurement technique 
The electrochemical corrosion test was carried out for chromium electroplated samples of Al 
1050 and Al 6061 using a linear polarization technique. The study is based on the Icorr values 
obtained for the different chromium finishes.  Polarisation occurs when an electrical current 
shifts an electrode potential from the open circuit potential. When a metal is immersed in an 
electrolytically conducting liquid, it will corrode based on an electrochemical mechanism. The 
corrosion current Icorr is generated by the flow of electrons from anodic to cathodic sites and is 
used to predict the corrosion rate (Tait, 1994). Anodic and cathodic sites continually shift 
positions, and they exist at the conductive surface, making direct measurement of Icorr 
impossible. A small change in potential (∆E) is directly proportional to Icorr, which determines 
the corrosion current rate (Mansfeld, 2003). The voltage-current response of a corroding 
electrode tends to be linear over a small range of potential at either side of the free corrosion 
potential. This is because both the anodic and cathodic currents are exponentially related to 
potential; the difference between two such exponential curves is nearly linear over a small range 
of potential (Stern and Geary, 1957). Stern and Geary, (1957) developed the following 
mathematical relationship (equation 3.2) between polarisation resistance and corrosion current 
for linear polarization data: 
Icorr  =   [1/(2.303 Rp)] [(βa*βc)/(βa+βc)]………………………(3.2) 
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Where, Icorr is the corrosion current density in A/cm2  
Rp is the polarisation resistance in ohms-cm2 
 βa is the anodic Tafel slope in mV/decade of current  
 βc is the cathodic Tafel slope in mV/decade of current  
 (βa*βc)/(βa+βc)] is the Tafel constant. 
No external electrical current flows to or from a test electrode when it is at open circuit potential, 
yet the electrode corrodes and thus has a corrosion current (Icorr). An external potential is applied 
to a test electrode to move its potential away from open circuit potential and thus obtain an 
electrical current (Tait, 1994). According to the Butler-Volmer equation, (Bard and Faulkner, 
1980) the applied potential and their corresponding currents are used to determine the magnitude 
of an actual corrosion current which occurs in the absence of an applied current. The Butler 
Volmer equation is expressed in equation 3.3: 
I= Icorr {exp(αFη/RT)-exp(-(1-α) nFη/RT)} ……………………(3.3) 
Where, R is the ideal gas constant equivalent to 1.986 calories/mole-oK 
 T is the temperature in Kelvin 
 n is the number of electrons in the anodic half reaction 
 F is the Faraday’s constant; 96,500 coulombs/equivalent  
 I is the external current density, in amp/cm2, flowing to or from an electrode because of an 
applied potential 
 α is a coefficient ranging from 0-1.0. 
 η is the test electrode overpotential and is equal to the difference between electrode open circuit 
potential and applied potential.  
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exp (αFη/RT) refers to the electrical current supplied to a test electrode during cathodic 
polarization 
 exp [(1-α)nFη/RT] is the anodic current  
According to equation 3.2 a spectrum of potentials and their corresponding currents can be used 
to determine the corrosion current density (Icorr) and thus the corrosion rate. 
A potentiostat (EG+G Instruments, Model 263A) with three electrode arrangement was used to 
determine the corrosion current density (Icorr) using a linear polarization method as shown in 
Figures 3.17 and 3.18. This was carried out in 5% neutral sodium chloride solution using a 
Ag/AgCl reference electrode over a potential range of +/- 20mV vs open circuit potential. The 
required current was measured, which is directly proportional to the corrosion rate. The 
equilibrium time that the 1cm2 surface of panel is in contact with the NaCl, wass varied between 
30 and 60 minutes to record polarisation resistance of the chromium coated samples.  
 
 
 
 
 
 
Figure 3.17: Linear polarization corrosion test cell (Princeton Applied Research, 2003; Fisher et 
                     Al., 2008) 
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Figure 3.18: Schematic for linear polarization corrosion test arrangement showing electro- 
                    chemical cell and potentiostat (Princeton Applied Research, 2003; Fisher et al., 2008) 
 
3.9 Conclusion 
This chapter presents research methodology adopted for the chromium electroplating of 
aluminium 1050 and Al 6061 samples. The chapter presents the physical and chemical properties 
of both aluminium alloys. Also discussed were the compositions and operating conditions for 
sample pretreatment and for electroless nickel, semi-bright nickel/bright nickel, microporous 
nickel, and hexavalent/trivalent chromium depositions. Four different chromium electroplating 
processes were designed for electroplating onto Al 1050 and Al 6061. Overall, duplex 
nickel/chromium coating was studied with and without an electroless nickel undercoat. Copper 
accelerated acetic acid salt spray test (CASS) and linear polarization electrochemical techniques 
were used to evaluate corrosion performance of all the coated samples. Mechanical testing was 
carried out to evaluate adhesion and hardness of the coated samples using scratch adhesion and 
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Vickers hardness tests respectively, while  surface characterisation of deposits at different stages 
during chromium coating were investigated using Scanning electron microscopy, Energy 
dispersive X-ray analysis, X-ray photoelectron microscopy, X-ray diffraction and Atomic force 
microscopy. The next chapter will present results derived from the various experiments. 
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CHAPTER 4: RESULTS  
 
4.1 Introduction 
This chapter presents the results obtained for the different stages of the chromium electroplating 
of aluminium alloys and the chemical compositions of untreated Al 1050 and Al 6061 samples. 
The results present surface characterisation of Al 1050 and Al 6061 following pretreatment from 
the zincating process. The results demonstrate the formation of a zinc layer after the second dip 
in Bondal solution. The pretreatment stage was followed by the electroless nickel deposition 
process. The electroless nickel deposits on the samples were analysed using scanning electron 
microscopy, X-ray photoelectron microscopy and X-ray diffraction techniques. This chapter also 
presents results obtained from mechanical testing and corrosion evaluation of chromium coatings 
on Al 1050 and Al 6061. Scratch adhesion and hardness tests were then applied to appreciate the 
durability of the chromium coatings. Electrochemical corrosion tests and copper accelerated 
acetic acid salt spray tests (CASS) were also carried out on chromium electroplated aluminium to 
appraise the implications of the electroless undercoat deposition on the corrosion protection of 
aluminium alloys. 
4.2 Surface characterisation of untreated Al 1050 and Al 6061 
Two aluminium samples, Al 1050 and Al 6061, were subjected to chromium electroplating and  
surface characterisation carried out using scanning electron microscopy and the elemental 
composition studied using energy dispersive X-ray analysis. It was essential to appreciate the 
exact alloy composition of the samples prior to pretreatment. Specific pretreatment using 
etching, desmutting and zincating were carried out before they can be effectively electroplated. 
Figure 4.1 shows the scanning electron micrographs for Al 1050 and Al 6061 respectively. 
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                                                                           (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                             (b) 
 
Figure 4.1: Scanning electron micrographs of (a) Al 1050 and (b) Al 6061 showing untreated 
aluminium samples surface. 
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Figure 4.2 and Figure 4.3 show the Energy dispersive X-ray analysis (EDXA) spectra with 
elemental compositions of untreated Al 1050 and Al 6061 respectively. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(i) 
 
 
 
 
 
 
 
 
 
 
 
 
 
(ii) 
 
 
 
 
 
Figure 4.2: EDXA spectra at three different locations on untreated Al 1050 showing elemental 
composition. 
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Figure 4.3: EDXA spectra at three different locations on untreated Al 6061 showing elemental 
composition. 
 
The EDXA spectra were used to calculate percentage by weight of alloying elements present in 
Al 1050 and Al 6061 as described in Tables 4.1 and 4.2. 
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Alloying elements  Al 1050 
Carbon Oxygen Aluminium 
Total 
Atomic % 11.42 2.75 85.82 99.99 Location 1 
Weight % 5.50 1.76 92.74 100.0 
Atomic % - 1.79 98.21 100.0 Location 2 
Weight % - 1.07 98.93 100.0 
Atomic % - 3.44 96.56 100.0 Location 3 
Weight % - 2.07 97.93 100.0 
 
Table 4.1: Data from EDXA at three locations on the untreated surface of Al 1050 showing 
elemental composition. 
 
 
Table 4.2: Data from EDXA at three locations on the untreated surface of Al 6061 showing 
elemental composition. 
 
It appears Al 1050 contains only two alloying elements-Carbon and Oxygen while Al 6061 
contains four alloying elements - Carbon, Oxygen, Magnesium and Silicon.  
 
4.3 Results from Scanning Electron Microscopy and Energy Dispersive X-ray analysis of Al 
1050 and Al 6061 after pretreatment in zincate solution 
 
Scanning electron microscopy was carried out to study the nucleation, growth and degree of 
coverage by zinc deposits on the surface of Al 1050 and Al 6061 after a second dip in Bondal 
solution for durations of 2, 5, 10, 15, 20, 25, 30 and 35 sec. Energy dispersive X-ray analysis 
(EDXA) was also used to study elemental distributions on the zinc surface after the second dip in 
Bondal solution. These results were based on the pretreatment process sequence adopted for the 
samples. The second dip in Bondal solution produced a thin, smooth surface and it was observed 
Alloying elements  Al 6061 
Carbon Oxygen Magnesium Silicon  Aluminium 
Total 
Atomic % 12.34 9.57 1.70 0.49 75.90 100.0 Location 
1 Weight % 6.16 6.37 1.72 0.57 85.18 100.0 
Atomic % 13.26 10.06 1.91 0.32 74.45 100.0 Location 
2 Weight % 6.68 6.75 1.95 0.38 84.24 100.0 
Atomic % 14.41 9.50 1.73 0.40 73.96 100.0 Location 
3 Weight % 7.31 6.50 1.77 0.47 83.95 100.0 
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from scanning electron micrographs that both samples were covered with zinc. The samples were 
rinsed again and ready for subsequent coating. The pretreatment process sequence developed for 
Al 1050 and Al 6061 in this study is shown in Figure 4.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4:  Experimental pretreatment process sequence adopted for Al 1050 and Al 6061. 
 
The scanning electron micrographs obtained after 2 to 30 sec of sample pretreatment are shown 
in Figure 4.5 for Al 1050 and Figure 4.6 for Al 6061. 
 
Alkaline cleaning using Minco 
cleaner at 65oC for 3 min 
Desmutting using 66 Microetch at 
25oC for 3 min 
Immersion in Bondal solution at  
25oC for 90 sec 
Desmutting using 66 Microetch 
ambient temp for 45 sec 
Immersion in Bondal solution 
at 25oC for 30 sec 
 
Water rinse 
Water rinse 
Water rinse 
Water rinse 
Dry and ready for subsequent 
electroplating 
Water rinse 
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                   (i) Zinc deposits on Al 1050 after 2 sec of second dip in Bondal solution 
 
 
                     (ii) Zinc deposits on Al 1050 after 5 sec of second dip in Bondal solution 
 
 
 
                 (iii) Zinc deposits on Al 1050 after 10 sec of second dip in Bondal solution  
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                 (iv) Zinc deposits on Al 1050 after 15 sec of second dip in Bondal solution 
 
 
 
                  (v) Zinc deposits on Al 1050 after 20 sec of second dip in Bondal solution 
 
 
 
                   (vi) Zinc deposits on Al 1050 after 25 sec of second dip in Bondal solution 
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                (vii) Zinc deposits on Al 1050 after 30 sec of second dip in Bondal solution 
 
Figure 4.5: Scanning electron micrographs of Al 1050 after specific durations of double dip in 
Bondal solution. 
 
 
              (i) Zinc deposits on Al 6061 after 2 sec of second dip in Bondal solution 
 
 
              (ii) Zinc deposits on Al 6061 after 5 sec of second dip in Bondal solution 
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               (iii) Zinc deposits on Al 6061 after 10 sec of second dip in Bondal solution 
 
 
 
 
                  (iv) Zinc deposits on Al 6061 after 15 sec of second dip in Bondal solution 
 
 
 
 
                (v) Zinc deposits on Al 6061 after 20 sec of second dip in Bondal solution 
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                (vi) Zinc deposits on Al 6061 after 25 sec of second dip in Bondal solution 
 
 
 
         (vii) Zinc deposits on Al 6061 after 30 sec of second dip in Bondal solution 
 
Figure 4.6: Scanning electron micrographs of Al 6061 after specific durations of double dip in 
Bondal solution. 
 
4.3.1 Analysis of zincate film on Al 1050 and Al 6061 using Energy Dispersive X-ray 
analysis 
An elemental distribution on the zincate film developed during the double dip in Bondal solution 
was studied using Energy dispersive X-ray analysis. The prime objective was to find the 
percentage compositions by weight of zinc, copper, iron, and nickel during the double dip in 
Bondal solution. Elemental composition of the specimen was also obtained by X-ray diffraction 
as shown in Figure 4.7 for Al 1050 and Figure 4.8 for Al 6061. 
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                                                                      (i) 25 sec 
  
  
                                                                   (ii) 30 sec 
 
Figure 4.7: EDXA spectrum of Al 1050 after (i) 25 sec and (ii) 30 sec of double dip in Bondal 
solution. 
 
 
                                                                    (i) 25 sec 
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                                                                      (ii) 30 sec 
 
Figure 4.8: EDXA spectrum of Al 6061 after (i) 25 sec and (ii) 30 sec of double dip in Bondal 
solution. 
 
The spectrum was used to calculate percentage by weight of aluminium, zinc, copper, nickel and 
iron. Elemental composition of zinc, copper, nickel and iron after immersion in the double dip 
Bondal solution is presented as shown in Table 4.3. 
 
Elements present on zincate layer Zinc deposition from double dip in 
Bondal solution Fe Ni Cu Zn Al 
Atomic % 0.32 0.60 1.58 7.80 89.70 Al 1050 after 25 sec  
Weight % 0.19 0.23 0.72 4.40 94.45 
Atomic % 0.39 0.81 1.89 8.70 88.21 Al 6061 after 25 sec  
Weight % 0.29 0.34 0.76 4.45 94.15 
Atomic % 0.14 0.22 0.48 2.59 96.57 Al 1050 after 30 sec 
Weight % 0.27 0.39 1.15 6.82 91.36 
Atomic % 0.15 0.28 0.63 3.31 95.63 Al 6061 after 30 sec  
Weight % 0.32 0.35 0.89 5.01 93.42 
 
 
Table 4.3: Data from EDXA showing elemental composition of Al 1050 and Al 6061 after 25 
sec and 30 sec of double dip in Bondal solution. 
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4.3.2  Results from X-ray diffraction of zincated layer on Al 1050 and Al 6061 
 
X-ray diffraction analysis was carried to study the phase and crystal structure after the double dip 
in Bondal solution for 30 sec. The diffraction profile obtained from the X-ray diffraction of Al 
1050 and Al 6061 are shown in Figures 4.9 and 4.10 respectively. 
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Figure 4.9: XRD spectrum of Al 1050 after 30 sec of double dip in Bondal solution. 
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Figure 4.10: XRD spectrum of Al 6061 after 30 sec of double dip in Bondal solution. 
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The structural characteristics of the zincate layer after the double dip in Bondal solution was 
obtainted from X-ray diffraction analysis. XRD spectra provided data for the four highest peaks 
for each diffraction profile. Data from the spectra included angle of incidence, d-spacing, Full 
width at half maximum (FWHM) and the peak intensity. The volume-weighted grain sizes 
calculated at different values of FWHM and angle θ using the Scherrer’s method are shown in 
Table 4.4 for Al 1050 and in Table 4.5 for Al 6061. 
 2θ 
(Degree) 
θ 
(Degree) Cos θ 
d-spacing 
(Å) 
 
FWHM 
Peak 
intensity 
(cycles/sec) 
Grain 
size 
(Å) 
38.17 19.08 0.945 2.356 0.576 29.25 2.549 
44.41 22.20 0.926 2.038 0.576 794.21 2.602 
64.87 32.43 0.844 1.436 0.576 595.01 2.854 
78.04 39.02 0.777 1.223 1.152 640.47 1.550 
Average grain size = 2.389 Å 
 
Table 4.4: Grain size for zincated layer on Al 1050 after 30 sec immersion time in Bondal 
solution using Scherrer’s method. 
 
2θ 
(Degree) 
 θ 
(Degree) Cos θ 
d-spacing 
(Å) 
 
FWHM 
Peak 
intensity 
(cycles/sec) 
Grain size 
(Å) 
38.70 19.35 0.943 2.325 0.576 42.97 2.553 
44.95 22.48 0.924 2.015 0.576 1016.79 2.607 
65.36 32.68 0.841 1.426 0.576 573.32 2.862 
78.48 39.24 0.775 1.217 0.576 699.37 3.110 
Average grain size = 2.783 Å 
 
Table 4.5: Grain size for zincated layer on Al 6061 after 30 sec immersion time in Bondal 
solution using Scherrer’s method. 
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4.4 Surface characterisation of electroless nickel deposits on Al 1050 and Al 6061  
Duplex nickel/chromium coatings were modified with an electroless nickel undercoat. The 
electroless nickel process sequence designed for Al 1050 and Al 6061 is shown in Figure 4.11 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11: Electroless nickel process sequence for zincated Al 1050 and Al 6061 using duplex 
nickel/chromium electrodeposition as undercoat. 
Alkaline cleaning using Minco 
cleaner at 65oC for 3 min 
Desmutting using 66 Microetch 
at 25oC for 3 min 
Immersion in Bondal solution at  
25oC for 90 sec 
     
Desmutting using 66 Microetch 
at ambient temp for 45 sec 
Immersion in Bondal solution 
at 25oC for 30 sec 
Water rinse 
Electroless nickel deposition 
Dry/heat treatment (Optional) 
Water rinse 
Water rinse 
Water rinse 
Water rinse 
Water rinse 
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Surface characterisation of zincated Al 1050 and Al 6061 was undertaken during the early stages 
of electroless nickel deposition ranging from 2 sec to 4 min. Scanning electron micrographs 
demonstrated nucleation and growth at the early stage of nickel-phosphorus deposition on both 
aluminium samples. Scanning electron micrographs for Al 1050 are shown in Figure 4.12 
(ranging from 2 sec to 4 min) and Figure 4.13 for Al 6061 (ranging from 2 sec to 4 min) 
respectively. 
 
 
 
 
                                                                          (i) 2 sec  
 
 
 
 
                                                                         (ii) 5 sec  
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(iii) 10 sec 
 
 
                                                                         (iv) 20 sec 
 
 
(v) 1 min 
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                                                                          (vi) 2 min 
 
 
                                                                          (vii) 3 min 
 
 
                                                                       (viii) 4 min 
Figure 4.12: Scanning electron micrographs for electroless nickel deposition on Al 1050 ranging 
from 2 sec to 4 min treatment time. 
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                                                                          (i)  2 sec  
 
 
 
                                                                          (ii) 5 sec 
 
 
 
                                                                           (iii) 10 sec 
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                                                                         (iv) 20 sec 
 
 
                                                                           (v) 40 sec 
 
 
                                                                           (vi) 2 min  
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                                                                          (vii) 4 min 
 
Figure 4.13: Scanning electron micrographs for electroless nickel deposition on Al 6061 ranging 
from 2 sec to 4 min treatment time. 
 
Results from Energy dispersive X-ray analysis demonstrate dissolution of the zincated layer and 
also provide the percentage by weight composition of nickel, phosphorus, zinc and other 
elements during electroless nickel deposition of Al 1050 and Al 6061. Results from EDXA 
during electroless nickel deposition for Al 1050 are shown in Figure 4.14 ranging from 2 sec to 8 
min respectively. 
 
                                                                           (i) 2 sec  
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0 
 
                                                                           (ii) 5 sec 
 
 
 
                                                                          (iii) 10 sec 
 
 
 
 
                                                                           (iv) 20 sec 
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                                                                           (v) 40 sec 
 
 
 
                                                                          
                                                                          (vi) 1 min 
 
 
 
                                                                           (vii) 2 min 
 
  
161 
 
 
                                                                           (viii) 3 min 
 
 
 
                                                                            (ix) 4 min 
 
 
 
                                                                             (X) 8 min 
 
Figure 4.14: EDXA spectrum for nickel deposition onto Al 1050 ranging from 2 sec to 8 min 
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The percentage by weight  compositions of Ni, P, Cu, Zn and Fe on Al 1050 and Al 6061 from 
electroless nickel-phosphorus deposition were calculated from EDXA as shown in Tables 4.6 
and 4.7 over a period of  4 min.  
Elements 2 sec 5 sec 10 sec 20 sec 40 sec 1 min 2 min 3 min 4 min 
Aluminium  74.99 74.09 62.58 11.70 0.92 0.57 0.54 0.42 0.31 
Nickel  12.74 14.42 27.08 78.39 94.38 94.96 95.05 95.08 95.30 
Phosphorus  0.77 1.0 2.45 2.52 2.95 3.14 3.40 3.75 4.03 
Zinc  5.6 5.38 3.51 3.02 0.15 0.12 0.10 0.09 0.07 
Copper  4.16 3.90 3.48 3.5 1.2 0.9 0.7 0.5 0.2 
Iron  1.74 1.21 0.9 0.87 0.40 0.31 0.21 0.16 0.09 
 
 
Table 4.6: Elemental weight % composition of the nickel-phosphorus layer deposited onto Al 
1050 for time range of 2 sec to 4 min. 
 
 
Elements 2 sec 5 sec 10 sec 20 sec 40 sec 1 min 2 min 3 min 4 min 
Aluminium  94.34 93.10 92.67 83.14 65.55 32.05 21.27 3.73 0.98 
Nickel  0.92 1.70 2.10 10.60 26.06 56.06 66.57 84.38 87.95 
Phosphorus  0.12 0.27 0.44 1.82 4.10 7.68 8.32 8.57 8.98 
Zinc  2.41 2.31 2.23 1.96 1.88 1.75 1.65 1.26 0.79 
Copper  1.78 2.17 2.07 2.01 1.93 1.97 1.87 1.62 0.90 
Iron  0.43 0.45 0.49 0.47 0.48 0.49 0.32 0.44 0.40 
 
 
Table 4.7: Elemental weight % composition of the nickel-phosphorus layer deposited onto Al 
6061 for time range of 2 sec to 4 min. 
 
EDXA results showed nickel-phosphorus deposition on the aluminium surface with zincated 
layer dissolution within 4 min. Elemental distribution of  Al, Ni, P, Cu Zn, Fe  on the alloys are 
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shown in Figures 4.15-4.16 for Al 1050 and 4.17-4.18 for Al 6061 within a time range 2 sec to 4 
min.  
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Figure 4.15: EDXA showing composition of Al, Ni, P, Cu, Zn, Fe on Al 1050 substrate after 4 
min of electroless nickel deposition. 
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Figure 4.16: EDXA showing composition of Ni and P on Al 1050 substrate after 4 min of 
electroless nickel deposition. 
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Figure 4.17: EDXA showing composition of Al, Ni, P, Cu, Zn, Fe, on Al 6061 substrate after 4 
min of electroless nickel deposition. 
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Figure 4.18: EDXA showing composition of Ni and P on Al 6061 substrate after 4 min of 
electroless nickel deposition. 
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4.4.1 Interface of zincated layer with Ni-P at the early stage of electroless nickel deposition 
onto Al 1050 and Al 6061 
 
Results from X-ray photoelectron spectroscopy were obtained to examine the interfaces between 
the zincated layer, the Ni-P layer and the substrate. The study demonstrates behaviour of 
zincated Al 1050 and Al 6061 during electroless nickel deposition process for a duration ranging 
from 2 sec to 60 sec. X-ray photoelectron analyses were obtained as shown in Figures 4.19- 4.21 
for Al 1050 and Figures 4.22-4.24 for Al 6061. 
 
 
 
Figure 4.19: XPS spectrum from an Al 1050 specimen which had received 2 sec of electroless 
nickel deposition 
 
  
166 
 
Figure 4.20: XPS spectrum from an Al 1050 specimen which had received 30 sec of electroless 
nickel deposition 
 
Figure 4.21: XPS XPS spectrum from an Al 1050 specimen which had received 60 sec of 
electroless nickel deposition 
  
167 
 
Figure 4.22: XPS XPS spectrum from an Al 6061specimen which had received 2 sec of 
electroless nickel deposition 
 
 
Figure 4.23: XPS XPS spectrum from an Al 6061 specimen which had received 30 sec of 
electroless nickel deposition 
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 Figure 4.24: XPS XPS spectrum from an Al 6061 specimen which had received 60 sec of 
electroless nickel deposition 
 
The aim of the XPS analysis was to understand whether zinc was dissolved or not at the 
interface. The X-ray photoelectron analysis investigated Ni-P deposits by immersion of Al 1050 
and Al 6061 in electroless nickel bath for 30 sec. The aluminium samples were studied for a 
period of 4900 sec for Al 1050 and 960 sec for Al 6061 and the etching of the surface was 
carried out at the rate of 1.68 nm/min. The film etched during this analysis was estimated to be 
about 100 nm for Al 1050 and 27 nm for Al 6061. 
The profile obtained from X-ray photoelectron spectroscopy shows atomic percentage by weight 
with etch time for Ni-P deposition for 30 sec. The XPS profile revealed interface characteristics 
of zinc layer dissolution and Ni-P deposition as shown in Figure 4.25 for Al 1050 and in Figure 
4.26 for Al 6061. 
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Figure 4.25: XPS depth profile analysis after 30 sec of electroless Ni-P deposition on Al 1050. 
 
 
Figure 4.26: XPS depth profile analysis after 30 sec of electroless Ni-P deposition on Al 6061. 
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The elemental identification and quantification obtained from X-ray photoelectron spectroscopy 
of Al 1050 for 2, 30 and 60 sec deposition in electroless nickel bath is shown in Table 4.8 
 
Elemental ID and Quantification of Al 1050 after 2 sec of  Ni-P 
deposition in electroless nickel bath 
Name Peak BE (Binding energy) SF (Sensitivity factor) Atomic  % 
Zn2p3 1021.4 18.920 6.3 
Ni2p3 852.0 14.610 4.2 
O1s 531.1 2.930 47.4 
Ca2p 347.0 5.070 2.2 
C1s 284.6 1.000 26.0 
P2s 186.5 1.180 5.3 
Al2s 119.0 0.753 8.6 
Elemental ID and Quantification of Al 1050 after 30 sec of  Ni-P 
deposition in electroless nickel bath 
C1s 284.6 1.000 33.9 
Ni2p3 852.2 14.610 11.4 
O1s 531.1 2.930 42.8 
Ca2p 347.0 5.070 0. 7 
P2s 186.6 1.180 8.4 
Al2s 118.6 0.753 2.8 
Elemental ID and Quantification of Al 1050 after 60 sec of  Ni-P 
deposition in electroless nickel bath 
C1s 284.6 1.000 31.5 
Ni2p3 852.2 14.610 16.7 
O1s 531.1 2.930 41.4 
P2s 86.6 1.180 10..5 
 
 
Table 4.8: Elemental identification and quantification for Al 1050 after 2, 30 and 60 sec of 
immersion in electroless nickel bath. 
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The elemental identification and quantification obtained from X-ray photoelectron spectroscopy 
of Al 6061 for 2, 30 and 60 sec deposition in the electroless nickel bath is shown in Table 4.9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.9: Elemental identification and their quantification for Al 6061 after 2, 30 and 60 sec of 
immersion in electroless nickel bath  
Elemental ID and Quantification of Al 6061 after 2 sec of Ni-P    
deposition in electroless nickel bath 
Name  Peak BE (Binding energy) SF (Sensitivity factor) Atomic  %  
C1s 284.60 1.000 19.74 
Zn2p3 1021.3 18.920 13.43 
O1s 530.1 2.930 44.31 
Ni2p3 851.0 14.610 0.35 
P2s 188.0 1.180 0.88 
Al2s 118.6 0.753 9.88 
Mg2p 49.5 0.334 8.40 
Ca2p 350.7 5.070 3.01 
Elemental ID and Quantification of Al 6061 after 30 sec of Ni-P   
deposition in electroless nickel bath 
C1s 284.6 1.000 25.0 
O1s 531.0 2.930 43.9 
Ni2p3 851.5 14.610 3.6 
Ca2p 350.7 5.070 3.1 
P2s 186.1 1.180 2.6 
Al2s 118.6 0.753 11.5 
Mg2p 49.40 0.334 10.4 
Elemental ID and Quantification of Al 6061 after 60 sec of  Ni-P 
deposition in electroless nickel bath 
C1s 284.6 1.000 30.5 
O1s 531.1 2.930 36.4 
Ni2p3 852.3 14.610 21.5 
P2s 186.7 1.180 11.6 
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4.4.2 Structural characterisation of zincated Al 1050 and Al 6061 at the early stage of 
electroless nickel deposition  
 
The changing structure of the nickel-phosphorus deposits on aluminium alloys at the early stage 
of electroless nickel deposition was studied. X-ray diffraction analysis was carried out to 
understand the behaviour of zincated Al 1050 and Al 6061 following immersion in the 
electroless nickel bath at time intervals from 2 to 240 sec. Figures 4.27 and 4.28 show X-ray 
diffraction data for Al 1050 and Al 6061 respectively after 4 min of electroless nickel immersion. 
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Figure 4.27: XRD patterns of Al 1050 after 4 min of electroless nickel immersion. 
Al  6061
0
1000
2000
3000
4000
5000
0 10 20 30 40 50 60 70 80 90
2 Theta / degrees
In
te
n
si
ty
 
/ c
ps
 
 
Figure 4.28: XRD patterns of Al 6061 after 4min of electroless nickel immersion. 
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X-ray diffraction patterns as shown in Figures 4.27 and 4.28 describe the relative proportion of 
structure of nickel/phosphorus layer on Al 1050 and Al 6061. X-ray diffraction data were 
subjected to crystal structural study at 38, 44, 65 and 78 degree after 4 min of Ni-P deposition 
onto Al 1050 and Al 6061 as shown in Table 4.10. 
X-ray diffraction data at 38, 44, 
65 and 78  degree  after 4 min of 
Ni-P deposition 
2-Theta (Degree) D-spacing hkl (Miller indices) 
Al 1050  38.4 2.342 111 
Al 1050  44.63 2.031 200 
Al 1050  65.08 1.432 220 
Al 1050  78.25 1.220 311 
Al 6061  38.4 2.341 101 
Al 6061  44.63 2.029 202 
Al 6061  65.09 1.432 222 
Al 6061  78.25 1.209 330 
 
 
Table 4.10: XRD data for Al 1050 and Al 6061 for 4 min of electroless nickel deposition. 
 
X-ray diffraction data was also interpreted to confirm the texture of the Ni-P deposits on Al 1050 
and Al 6061 after 4 min of electroless nickel deposition. The XRD pattern as shown in Figures 
4.27 and 4.28 are presented in detail in Table 4.11. 
Aluminium 
samples 
a0 
(Å) 
b0 
(Å) 
C0   
(Å) 
α 
(degree) 
β 
(degree) 
γ 
(degree) 
Space group 
Al 1050 (after 1min) 6.62 6.51 6.68 90 90 90 Fddd(70)(s) 
Al 1050 (after 2min) 9.52 9.00 9.07 90 90 90 1mma (74) 
Al 1050 (after 3min) 3.39 3.43 3.48 90 90 90 1mma (74) 
Al 1050 (after 4min) 9.86 9.37 9.17 90 90 90 Fddd(70)(s 
Al 6061 (after 1min) 2.48 3.36 3.40 81.9 86.2 85.6 P-1(2) 
Al 6061 (after 2min) 24.4 12.52 12.59 90 93.3 90 C12/c1(15) 
Al 6061 (after 3min) 2.86 2.86 1.59 90 90 90 141/acd142 
(s) Al 6061 (after 4min) 6.9 3.79 4.15 80.3 101.5 97.7 P-1(2) 
         
 Table 4.11: Lattice parameters for electroless nickel deposits on Al 1050 and Al 6061. 
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4.5 Surface characterisation of chromium electroplated Al 1050 and Al 6061 
An atomic force microscopy (AFM) technique was carried out for chromium coatings on Al 
1050 and Al 6061. Micrographs from atomic force spectroscopy were obtained by scanning an 
area of 100 µm by 100 µm of chromium electroplated samples. Figures 4.29-4.30 and 4.31-4.32 
show AFM images for chromium electrodeposition onto Al 1050 and Al 6061 respectively.  
 
                                                                           (i) 
  
 
 
                                                                        
                                                                          (ii) 
 
Figure 4.29: AFM images showing topography of Al 1050 (i) duplex nickel/hexavalent 
chromium (ii) duplex nickel/trivalent chromium. 
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                                                                         (i)  
 
 
 
 
                                                                       
                                                                        (ii)  
 
Figure 4.30: AFM images showing topography of Al 1050 (i) duplex nickel/hexavalent 
chromium (ii) duplex nickel/trivalent chromium with an electroless nickel undercoat. 
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                                                                          (i)  
 
 
 
 
                                                                      
                                                                      (ii)  
 
Figure 4.31: AFM images showing topography of Al 6061 (i) duplex nickel/hexavalent 
chromium (ii) duplex nickel/trivalent chromium. 
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                                                                         (i)  
 
 
 
 
                                                                        
                                                                          (ii)  
 
 
Figure 4.32: AFM images showing topography of Al 6061 (i) duplex nickel/hexavalent 
chromium (ii) duplex nickel/trivalent chromium with an electroless nickel undercoat. 
 
The surface of chromium coatings onto Al 1050 and Al 6061 were studied to investigate 
roughness using atomic force microscopy. Table 4.12 show average and root mean square 
roughness values that were obtained from the chromium coatings on Al 1050 and Al 6061.  
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Aluminium  samples 
Ra 
(Average 
roughness) 
Rrms  
(Root mean 
square 
roughness ) 
Duplex nickel + Microporous nickel + Hexavalent chromium 
electrodeposition onto Al 1050 0.066 0.071 
Duplex nickel + Microporous nickel + Trivalent chromium 
electrodeposition onto Al 1050 0.093 0.110 
Electroless nickel undercoat + Duplex nickel + Microporous 
nickel + Hexavalent chromium electrodeposition onto Al 1050 0.058 0.068 
Electroless nickel undercoat + Duplex nickel + Microporous 
nickel + Trivalent chromium electrodeposition onto Al 1050 0.059 0.061 
Duplex nickel + Microporous nickel + Hexavalent chromium 
electrodeposition onto Al 6061 0.033 0.043 
Duplex nickel + Microporous nickel + Trivalent chromium 
electrodeposition onto Al 6061 0.032 0.041 
Electroless nickel + Duplex nickel + Microporous nickel + 
Hexavalent chromium electrodeposition onto Al  6061 0.030 0.039 
Electroless nickel + Duplex nickel + Microporous nickel + 
Trivalent chromium electrodeposition onto Al 6061 0.031 0.038 
 
Table 4.12: Data for average and root mean square roughness obtained for chromium 
electroplated Al 1050 and Al 6061. 
 
 
4.5.1 Cross-sectional evaluation of chromium coatings onto Al 1050 and Al 6061  
 
The highly reflective nature of chromium deposits does not reveal specific coating characteristics 
obtained from plain view images using atomic force microscopy. For instance it is difficult to 
identify pores, cracks, different layers of nickel and chromium from these deposits. A scanning 
electron microscopy technique was used to view a cross section of chromium deposits on Al 
1050 and Al 6061 with and without an electroless nickel undercoat. 
Figures 4.33 to 4.36 show cross sectional view of chromium coatings on Al 1050 and Al 6061. 
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                                                                         (i)  
 
 
 
 
                                                                            
                                                                          (ii)  
 
Figure 4.33: SEM cross sectional morphology of (i) duplex nickel/hexavalent chromium (ii)  
duplex nickel/trivalent chromium deposits on Al 1050.  
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Figure 4.34: SEM cross sectional morphology of (i) duplex nickel/hexavalent chromium (ii) 
duplex nickel/trivalent chromium deposits on Al 1050 with an electroless nickel undercoat. 
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Figure 4.35: SEM cross sectional morphology of (i) duplex nickel/hexavalent chromium (ii) 
duplex nickel/trivalent chromium deposits on Al 6061. 
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Figure 4.36: SEM cross sectional morphology of (i) duplex nickel/hexavalent chromium (ii) 
duplex nickel/trivalent chromium deposits on Al 6061 with an electroless nickel undercoat. 
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4.5.2 Scratch adhesion testing of chromium coatings on Al 1050 and Al 6061 
 
Figures 4.37-4.44 show the results of scratch adhesion tests carried out on chromium coatings on 
Al 1050 and Al 6061 samples. Response to the scratch adhesion test are measured in terms of 
frictional force, first derivatives of frictional force and acoustic emission signals. Frictional 
force, first derivative of frictional force and acoustic emission are recorded against load applied. 
The frictional force, first derivative of frictional force and acoustic emission signals are plotted 
along the Y-axis while load is plotted along the x-axis. Changes in the failure mode were 
observed as load was applied progressively along the chromium coatings. 
 
 
 
 
Figure 4.37: Graph of friction force, first derivative of friction and acoustic emission of a 
progressive load scratch test on a duplex nickel/hexavalent chromium coating on Al 1050. 
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Figure 4.38: Graph of friction force, first derivative of friction and acoustic emission of a 
progressive load scratch test on a duplex nickel/trivalent chromium coating on Al 1050. 
 
 
 
 
 
Figure 4.39: Graph of friction force, first derivative of friction and acoustic emission of a 
progressive load scratch test on a duplex nickel/hexavalent chromium coating with an electroless 
nickel undercoat on Al 1050. 
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Figure 4.40: Graph of friction force, first derivative of friction and acoustic emission of a 
progressive load scratch test on a duplex nickel/trivalent chromium coating with an electroless  
nickel undercoat on Al 1050. 
 
 
 
 
Figure 4.41: Graph of friction force, first derivative of friction and acoustic emission of a 
progressive load scratch test on a duplex nickel/hexavalent chromium coating on Al 6061. 
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Figure 4.42: Graph of friction force, first derivative of friction and acoustic emission of a 
progressive load scratch test on a duplex nickel/trivalent chromium coating on Al 6061. 
 
 
 
 
 
Figure 4.43: Graph of friction force, first derivative of friction and acoustic emission of a 
progressive load scratch test on a duplex nickel/hexavalent chromium coating with an electroless 
nickel undercoat on Al 6061. 
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Figure 4.44: Graph of friction force, first derivative of friction and acoustic emission of a 
progressive load scratch test on a duplex nickel/trivalent chromium coating with an electroless 
nickel undercoat on Al 6061. 
 
Scratch adhesion testing demonstrates failure modes as a result of change in frictional force, first 
derivative of the frictional force and acoustic emission with the progressive load applied on the 
chromium electroplated samples. Examination of the scratch under the scanning electron 
microscope identifies the first critical load for the chromium coatings and also shows signs of 
any buckling, spallation or delamination of the chromium coatings on Al 1050 and Al 6061. The 
scratch channel demonstrates the nature of the failure mode obtained from the scanning electron 
micrographs.  
Figures 4.45-4.48 show scratch profiles obtained from duplex nickel/chromium (hexavalent and 
trivalent chromium) and duplex nickel/chromium (hexavalent and trivalent chromium) coatings 
modified with an electroless nickel undercoat for Al 1050, while Figures 4.49-4.52 show scratch 
profiles obtained from duplex nickel /chromium (hexavalent and trivalent chromium) and duplex 
nickel/chromium (hexavalent and trivalent chromium) coatings modified with electroless nickel 
undercoats for Al 6061. 
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Figure 4.45: Micrograph of a duplex nickel/hexavalent chromium coating on Al 1050 showing 
failure modes from a scratch adhesion test. 
 
 
 
 
Figure 4.46: Micrograph of a duplex nickel/trivalent chromium coating on Al 1050 showing 
failure modes from a scratch adhesion test. 
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Figure 4.47: Micrograph of a duplex nickel/hexavalent chromium coating with electroless nickel 
undercoat on Al 1050 showing failure modes from a scratch adhesion test. 
 
 
 
 
 
 
Figure 4.48: Micrograph of a duplex nickel/trivalent chromium coating with electroless nickel 
undercoat on Al 1050 showing failure modes from a scratch adhesion test. 
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Figure 4.49: Micrograph of a duplex nickel/hexavalent chromium coating on Al 6061 showing 
failure modes from a scratch adhesion test. 
 
 
 
 
 
Figure 4.50: Micrograph of a duplex nickel/trivalent chromium coating on Al 6061 showing 
failure modes from a scratch adhesion test. 
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Figure 4.51: Micrograph of a duplex nickel/hexavalent chromium coating with electroless nickel 
undercoat on Al 6061 showing failure modes from a scratch adhesion test. 
 
 
 
 
 
 
 
Figure 4.52: Micrograph of a duplex nickel/trivalent chromium coating with electroless nickel 
undercoat on Al 6061 showing failure modes from a scratch adhesion test. 
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Table 4.13 shows first and second critical loads obtained from scratch adhesion testing. The first 
critical load represents a sign of first damage to the chromium coatings on the aluminium 
samples. The second critical load was recorded to show the removal of coating with the indentor. 
Type of chromium coatings on aluminium substrates 
First 
critical 
load (N) 
Second 
critical 
load (N) 
Duplex nickel/hexavalent chromium electrodeposition onto Al 1050 70 130 
Duplex nickel/trivalent chromium electrodeposition onto Al 1050 85 135 
Duplex nickel/hexavalent chromium electrodeposition onto Al 1050 
with electroless nickel underoat 40 118 
Duplex nickel/trivalent chromium electrodeposition onto Al 1050  
with electroless nickel undercoat 50 105 
Duplex nickel/hexavalent chromium electrodeposition onto Al 6061 22 72 
Duplex nickel/trivalent chromium electrodeposition onto Al 6061 25 70 
Duplex nickel/hexavalent chromium electrodeposition onto al 6061 
with electroless nickel underoat 10 110 
Duplex nickel/trivalent chromium electrodeposition onto Al 6061 
with electroless nickel undercoat 20 115 
 
Table 4.13: First and second critical loads obtained from scratch adhesion tests of chromium 
coatings on Al 1050 and Al 6061. 
 
4.5.3 Hardness testing for chromium deposits onto Al 1050 and Al 6061 
 
The hardness of chromium deposits on Al 1050 and Al 6061 were examined by universal 
hardness Vickers technique using Zwick Roell apparatus. The load was applied at two different 
positions to get hardness values. A load of 1 kg was applied initially and increased to 5 kg and 
then finally raised to a load of 10 kg. The indentation applied induced deformation into the 
chromium coatings. The deformation was calculated on the basis of test results obtained from 
applied load and indentation depth during the loading and unloading cycle. The load was 
removed after indentation of samples and the area of the residual impression was calculated by 
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X-pert software interfaced to the test machine. The hardness was obtained from load divided by 
the indentation area. The load depth profile plots for different chromium deposits are shown in 
Figures 4.53-4.62. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.53: Load-depth profile of 1 kg force applied on Al 1050 (i) duplex nickel/hexavalent 
chromium (ii) duplex nickel/trivalent chromium deposits. 
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Figure 4.54: Load-depth profile of 1 kg force applied on Al 1050 (i) duplex nickel/hexavalent 
chromium (ii) duplex nickel/trivalent chromium deposits with electroless nickel undercoat. 
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Figure 4.55: Load-depth profile of 5 kg force applied on Al 1050 (i) duplex nickel/hexavalent 
chromium (ii) duplex nickel/trivalent chromium deposits. 
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Figure 4.56: Load-depth profile of 5 kg force applied on Al 1050 (i) duplex nickel/hexavalent 
chromium (ii) duplex nickel/trivalent chromium deposits with electroless nickel undercoat. 
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Figure 4.57: Load-depth profile of 5 kg force applied on Al 6061 (i) duplex nickel/hexavalent 
chromium (ii) duplex nickel/trivalent chromium deposits. 
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Figure 4.58: Load-depth profile of 5 kg force applied on Al 6061 (i) duplex nickel/hexavalent 
chromium (ii) duplex nickel/trivalent chromium deposits with electroless nickel undercoat. 
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Al 1050 (Duplex nickel + 
Hexavalent chromium)  
 Test number 
HVT 
(N/mm²) 
Test Load 
(Kg) 
1 560.32 10 
2 566.28 10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.59: Load-depth profile of 10 kg force applied on Al 1050 (i) duplex nickel/hexavalent 
chromium (ii) duplex nickel/trivalent chromium deposits. 
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Figure 4.60: Load-depth profile of 10 kg force applied on Al 1050 (i) duplex nickel/hexavalent 
chromium (ii) duplex nickel/trivalent chromium deposits with electroless nickel undercoat. 
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Figure 4.61: Load-depth profile of 10 kg force applied on Al 6061 (i) duplex nickel/hexavalent 
chromium (ii) duplex nickel/trivalent chromium deposits. 
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Figure 4.62:  Load-depth profile of 10 kg force applied on Al 6061 (i) duplex nickel/hexavalent 
chromium (ii) duplex nickel/trivalent chromium deposits with electroless nickel undercoat. 
 
The load/depth profile demonstrates the impact of loading and unloading during indentation. The 
indentation is defined in terms of maximum depth achieved at maximum load or a measure of 
depth after removing the load. Table 4.14 shows maximum indentation and final depth achieved 
during hardness testing for the sample. This shows the magnitude of contact depth of the exposed 
area of the coatings in contact with the indentor. 
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Vickers hardness measurement of chromium coating Maximum indentation 
depth 
Depth 
after load 
removal 
Indentation depth recorded at 5 Kg load 
Duplex nickel + Microporous nickel + Hexavalent chromium 
coating onto Al 1050 
42 µm 32 µm 
Duplex nickel +  Microporous nickel + Trivalent chromium  
coating onto Al 1050 
52.5 µm 52 µm 
Duplex nickel + Microporous nickel + Hexavalent chromium 
coating onto Al 1050 with electroless nickel undercoat  
55 µm 42 µm 
Duplex nickel + Microporous nickel +Trivalent chromium 
coating onto Al 1050 with electroless nickel undercoat  
58 µm 46 µm 
Indentation depth recorded at 5 Kg load 
Duplex nickel  + Microporous nickel + Hexavalent chromium 
coating onto Al 6061 
38 µm 32 µm 
Duplex nickel + Microporous nickel + Trivalent chromium 
coating onto Al 6061 
39 µm 33 µm 
Duplex nickel + Microporous nickel + Hexavalent chromium 
coating onto Al 6061 with electroless nickel undercoat 
48 µm 36 µm 
Duplex nickel + Microporous nickel + Trivalent chromium 
coating onto Al 6061with electroless nickel undercoat 
58 µm 52 µm 
Indentation depth recorded at 10 Kg load 
Duplex nickel + Microporous nickel + Hexavalent chromium 
coating onto Al 1050 
82 µm 78 µm 
Duplex nickel + Microporous nickel + Trivalent chromium 
coating onto Al 1050 
82 µm 78 µm 
Duplex nickel + Microporous nickel + Hexavalent chromium 
coating onto Al 1050  with electroless nickel undercoat 
84 µm 82 µm 
Duplex nickel + Microporous nickel + Trivalent chromium 
coating onto Al 1050 with electroless nickel undercoat 
84 µm 82 µm 
Indentation depth recorded at 10 Kg load 
Duplex nickel + Microporous nickel + Hexavalent chromium  
coating onto Al 6061 
58 µm 45 µm 
Duplex nickel + Microporous nickel + Trivalent chromium 
coating onto Al 6061 
84 µm 78 µm 
Duplex nickel + Microporous nickel + Hexavalent chromium 
coating onto Al 6061 with electroless nickel undercoat 
55 µm 45 µm 
Duplex nickel + Microporous nickel + Trivalent chromium 
coating onto Al 6061 with electroless nickel undercoat 
55 µm 45 µm 
 
Table 4.14: Maximum indentation depth recorded at loads of 5 Kg and 10 Kg and final depth 
after removal of 5 Kg and 10 Kg loads. 
The Average Vickers hardness values obtained from hardness testing for chromium coating on 
aluminium samples are shown in Table 4.15.  
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Average Vickers hardness (HV) values using 1 Kg load Al 1050 
Duplex nickel + Microporous nickel + Hexavalent chromium 221 
Duplex nickel + Microporous nickel + Trivalent chromium 221 
Duplex nickel + Microporous nickel + Hexavalent chromium 
with electroless nickel undercoat 
137 
Duplex nickel + Microporous nickel + Trivalent chromium   
with electroless nickel undercoat 
128 
Average Vickers hardness (HV) values using 5 Kg load Al 1050 Al 6061 
Duplex nickel + Microporous nickel + Hexavalent chromium 102 65 
Duplex nickel + Microporous nickel + Trivalent chromium 64 53 
Duplex nickel+ Microporous nickel + Hexavalent chromium 
with electroless nickel undercoat 
137 110 
Duplex nickel + Microporous nickel + Trivalent chromium   
with electroless nickel undercoat 
107 58 
Average Vickers hardness (HV) values using 10 Kg load Al 1050 Al 6061 
Duplex nickel + Microporous nickel + Hexavalent chromium 57 54 
Duplex nickel + Microporous nickel + Trivalent chromium 53 46 
Duplex nickel + Microporous nickel + Hexavalent chromium 
with electroless nickel undercoat 
118 105 
Duplex nickel + Microporous nickel + Trivalent chromium   
with electroless nickel undercoat 
122 118 
 
 
Table 4.15: Vickers hardness values for chromium coating on Al 1050 and Al 6061. 
 
The Vickers hardness values were recorded as N/mm2 and converted to Kg force/mm2 and 
expressed as Vickers hardness (HV). The hardness of the chromium coatings was calculated with 
loads of 1 kg, 5 kg and 10 kg. A load of 1 kg applied during hardness testing failed to penetrate 
the coatings. The maximum indentation was recorded at a depth of around 20 µm. However, 5 kg 
and 10 kg penetrated the coatings and the substrate. The optimal load for hardness test for 
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chromium deposits was found to be 5 kg. Figure 4.23 shows plot of Vickers hardness number for 
the coatings on Al 1050 and Al 6061 at an optimal load of 5 kg. 
5 kg load applied onto aluminium samples
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
Duplex
nickel+Microporous
nickel+Hexavalent
chromium
Duplex
nickel+Microporous
nickel+Trivalent
chromium
Duplex
nickel+Microporous
nickel+Hexavalent
chromium with electroless
nickel undercoat
Duplex
nickel+Microporous
nickel+Trivalent
chromium with electroless
nickel undercoat
V
ic
ke
rs
 
ha
rd
n
e
ss
 
Al 1050
Al 6061
 
Figure 4.63: Vickers hardness values (5 kg force applied on coating on Al 1050 and Al 6061). 
4.6  Copper accelerated acetic acid salt spray testing of chromium coatings 
Corrosion testing of chromium electroplated Al 1050 and Al 6061 samples was carried out using 
a copper accelerated acetic acid salt spray test (CASS). The samples were photographed in the 
test chamber and after the CASS test as shown in Figures 4.64 and 4.65.  
 
                                                                         
(i) After 24 hours 
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                                                                   (ii) After 48 hours 
 
 
 
 
 
                                                                        (iii) After 96 hours  
 
Figure 4.64: Chromium electroplated samples photographed after (i) 24 hours (ii) 48 hours and 
(iii) 96 hours in a CASS testing chamber. 
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                                                                                (i) Al 1050  
 
 
 
                                                                               
                                                                               (ii)  Al 6061  
 
Figure 4.65: Photographs of (i) Al 1050 and (ii) Al 6061 samples after 96 hours of CASS test 
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4.6.1 Corrosion evaluation of cross sectional chromium electroplated Al 1050 and Al 6061 
after CASS test using Scanning Electron Microscope 
 
Corrosion of chromium coated samples was induced according to the schedule in Table 3.7 using 
a copper accelerated acetic acid salt spray test. Scanning electron microscopy was then applied to 
study the corrosion behaviour of the chromium electroplated and copper accelerated acetic acid 
salt spray (CASS) tested Al 1050 and Al 6061 samples. The results of the CASS test after 96 
hours are shown in Figures 4.66-4.73. The results demonstrate the durability of the chromium 
coatings and compare the corrosion resistance of nickel/chromium (hexavalent/trivalent) 
coatings on the alloys with and without an  electroless nickel undercoat.  
 
 
 
 
 Figure 4.66: SEM micrograph of a cross section of Al 1050 with a duplex nickel/hexavalent 
chromium deposit after 96 hours of CASS testing.  
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Figure 4.67: SEM micrograph of a cross section of Al 1050 with a duplex nickel/trivalent 
chromium deposit after 96 hours of CASS testing 
 
 
 
 
 
Figure 4.68: SEM micrograph of a cross section of Al 1050 with a duplex nickel/hexavalent 
chromium deposit with electroless nickel undercoat after 96 hours of CASS testing. 
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Figure 4.69: SEM micrograph of a cross section of Al 1050 with a duplex nickel/trivalent 
chromium deposit with electroless nickel undercoat after 96 hours of CASS testing. 
 
 
 
 
 
Figure 4.70: SEM micrograph of a cross section of Al 6061 with a duplex nickel/hexavalent 
chromium deposit after 96 hours of CASS testing. 
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Figure 4.71: SEM micrograph of a cross section of Al 6061 with a duplex nickel/trivalent 
chromium deposit after 96 hours of CASS testing. 
 
 
 
 
 
Figure 4.72: SEM micrograph of a cross section of Al 6061 with a duplex nickel/hexavalent 
chromium deposit with electroless nickel undercoat after 96 hours of CASS testing. 
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Figure 4.73: SEM micrograph of a cross section of Al 6061 with a duplex nickel/trivalent 
chromium deposit with electroless nickel undercoat after 96 hours of CASS testing. 
 
 
4.6.2 Corrosion evaluation of chromium electroplated Al 1050 and Al 6061 samples after a 
CASS test using optical microscopy  
 
The number, size and distribution of corrosion defects such as pits and cracks on the samples 
were studied using optical microscopy in accordance with ISO-8993, (1989). The surfaces (100 
mm x 50 mm) of the corroded Al 1050 and Al 6061 chromium electroplated samples subjected 
to CASS test for 24 , 48 and 96 hours were examined by optical microscopy. All samples had 
salts deposited on their surfaces when they were taken out from the CASS test chambers and the 
top surfaces were therefore cleaned before study. The micrographs (Figures 4.74-4.77 for Al 
1050 and Figures 4.78-4.81 for Al 6061) with evidence of varying spots demonstrate the pattern 
of corrosion for the 24, 48 and 96 hours testing. The corrosion spots appeared to increase with 
increase in testing duration. 
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Figure 4.74: Optical micrographs of Al 1050 after 24, 48 and 96 hours of a CASS test showing 
corrosion spots (duplex nickel/hexavalent chromium). 
            
 
Figure 4.75: Optical micrographs of Al 1050 after 24, 48 and 96 hours of a CASS test showing 
corrosion spots (duplex nickel/trivalent chromium). 
             
 
Figure 4.76: Optical micrographs of Al 1050 after 24, 48 and 96 hours of a CASS test showing 
corrosion spots (duplex nickel/hexavalent chromium with electroless nickel undercoat). 
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Figure 4.77: Optical micrographs of Al 1050 after 24, 48 and 96 hours of CASS test showing 
corrosion spot (duplex nickel/trivalent chromium with electroless undercoat). 
         
 
Figure 4.78: Optical micrographs of Al 6061 after 24, 48 and 96 hours of a CASS test showing 
corrosion spots (duplex nickel/hexavalent chromium). 
          
          
Figure 4.79: Optical micrographs of Al 6061 after 24, 48 and 96 hours of a CASS test showing 
corrosion spots (duplex nickel/trivalent chromium). 
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Figure 4.80: Optical micrographs of Al 6061 after 24, 48 and 96 hours of a CASS test showing 
corrosion spots (duplex nickel/hexavalent chromium with electroless nickel undercoat). 
 
            
 
 
Figure 4.81: Optical micrographs of Al 6061 after 24, 48 and 96 hours of a CASS test showing 
corrosion spots (duplex nickel/trivalent chromium with electroless nickel undercoat). 
 
 
4.6.3 Corrosion evaluation of chromium electroplated Al 1050 and Al 6061 samples using 
linear polarization corrosion resistance measurement  
 
Linear polarization resistance analysis was carried out to determine the corrosion current density 
of chromium coated Al 1050 and Al 6061 samples at the open circuit potential. Different 
chromium finishes appear to show different Icorr values. Table 4.16 shows a comparison of Icorr 
values for chromium coatings for Al 1050 and Al 6061 measured at 30 and 60 minute 
equilibrium times. Overall, Icorr values are found to be a function of equilibrium time of corrosion 
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(compare Icorr after 30 min with 60 min). However, Icorr values were higher for Al 1050 compared 
to Al 6061 showing that they show more resistance to corrosion. 
Al 1050 
Icorr values      
(nano-amp/cm2)  
for 30 min 
Icorr values 
(nano-amp/cm2) 
for 60 min 
Duplex nickel + microporous nickel + 
hexavalent chromium electrodeposition 81.5 175.8 
Duplex nickel + microporous nickel + 
trivalent chromium electrodeposition 540.1 576.5 
Duplex nickel + microporous nickel + 
hexavalent chromium electrodeposition 
with electroless nickel undercoat 
329.0 437.5 
Duplex nickel + microporous nickel + 
trivalent chromium electrodeposition    
with electroless nickel undecoat 
595.8 635.7 
Al 6061 
Icorr values       
(nano-amp/cm2)  
for 30 min 
Icorr values 
(nano-amp/cm2) 
for 60 min 
Duplex nickel + microporous nickel + 
hexavalent chromium electrodeposition 18.34 75.21 
Duplex nickel + microporous nickel + 
trivalent chromium electrodeposition 23.56 57.42 
Duplex nickel + microporous nickel + 
hexavalent chromium electrodeposition 
with electroless nickel undercoat 
43.97 82.38 
Duplex nickel + microporous nickel + 
trivalent chromium electrodeposition    
with electroless nickel undercoat 
112.6 279.5 
 
 
Table 4.16: Icorr values as a measure of linear polarization corrosion resistance for chromium 
coatings on Al 1050 and Al 6061. 
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Figures 4.82 and 4.83 show the Icorr values obtained for Al 1050 and Al 6061 chromium coatings 
for 30 min and 60 min equilibrium time. 
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Figure 4.82: Icorr values for different chromium coatings on Al 1050. 
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Figure 4.83: Icorr values for different chromium coatings on Al 6061. 
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4.7 Conclusion 
This chapter shows all the results from the pretreatment to chromium electroplating stages of Al 
1050 and Al 6061. Surface characterisation of untreated aluminium samples shows scratch, 
milling and rolling marks. Energy dispersive X-ray analyses of Al 1050 and Al 6061 confirm the 
presence of alloying elements on the surfaces. SEM micrographs were obtained from a double 
dip in Bondal solution for a time ranging from 2 to 30 sec. EDXA results show compositions of 
elements incorporated into deposited zincated films. SEM micrographs explain surface 
characterisation while XRD results provide structural characteristics of electroless nickel 
deposits on zincated surfaces. These results demonstrate film growth, and the nature of the film 
during early stages of nickel deposition. X-ray photoelectron spectroscopy results highlight the 
dissolution of the zincated layer deposited on aluminium in an electroless nickel bath. The results 
provide evidence of zinc at the interface between the nickel deposit and the zincated layer.  
Testing of chromium coated samples using Atomic force microscopy shows some cracks. Cross 
sectional analyses of coated samples reveal different layers deposited on the aluminium samples 
with distinct interface separating the layers from each other. The roughness values obtained from 
Atomic Force Microscopy show variation in surface roughness with different coatings. Scratch 
adhesion tests assess the adhesion of coated samples at a given load for a fixed scratch length. 
The Scanning Electron Microscopy technique highlights the failure mode obtained from scratch 
adhesion tests. Coating durability was obtained from hardness testing and hardness test results 
for chromium coated samples were calculated in terms of indentation made on the chromium 
coatings with and without an electroless nickel undercoat. Corrosion performances of the coated 
samples were investigated using CASS test and photographs show evolution of corrosion on 
sample surfaces after 24, 48 and 96 hours in the test chamber. Coated sample were further 
analysed for corrosion after 96 hours of CASS testing. The SEM results of sample cross sections 
showed the extent of corrosion while linear polarization corrosion results evaluated corrosion 
rate. 
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CHAPTER 5:  DISCUSSION OF RESULTS 
5.1 Introduction 
This chapter discusses all the results obtained from sample pre-treatment to the nickel/chromium 
electroplating stages ranging from surface characterisation of untreated samples, to zincate film 
growth arising from the double dip in Bondal solution followed by immersion of zincated Al 
1050 and Al 6061 samples in the electroless nickel bath and finally duplex nickel/chromium 
deposition. The chapter then discusses results obtained from the mechanical and corrosion 
testing to evaluate durability of the chromium electroplating with and without an electroless 
nickel undercoat onto aluminium alloy samples. These results include scratch adhesion and 
hardness testing data. Copper accelerated acetic acid salt spray test and electrochemical linear 
polarisation tests were also used to evaluate corrosion performance characteristics of the 
chromium coatings. 
5.2 Surface characterisation of untreated Al 1050 and Al 6061 samples  
Two aluminium samples Al 1050 and Al 6061 were selected for chromium electroplating. Both 
aluminium alloys were supplied (Metalweb, 2007) as extruded and rolled strip. Al 1050 and Al 
6061 were then guillotined into sizes as required. During the study, Al 1050 and Al 6061 
samples were viewed under the scanning electron microscope at high resolution. Both aluminium 
samples showed scratch and rolling marks and other contaminants as shown in Figure 4.1. 
Results from Energy dispersive X-ray analysis showed alloying elements present on the two 
aluminium alloys. EDXA spectra for Al 1050 in Figure 4.2 shows aluminium peaks obtained at 
three locations. Oxygen was only traced in the first location while no peak for oxygen was 
visible in the other two locations. Figure 4.3 shows EDXA spectra for Al 6061 with evidence of 
aluminium, oxygen and alloying elements (magnesium). EDXA data for Al 1050 as shown in 
Table 4.1 also shows percentage by weight for oxygen ranging from 1.0-2.07, carbon up to 5.5 
while aluminium ranges from 92.0-98.0. Table 4.2 shows percentage by weight of elements 
present on the surface of Al 6061. EDXA spectra only show magnesium, aluminium and oxygen 
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peaks. Silicon and carbon are present but their peaks are not visible in the EDXA spectrum. The 
percentage by weight for aluminium was detected on Al 6061 surface in the range of 73.0-86.0, 
while oxygen was detected in the range of 5.75-6.5. Carbon was also present in the range of 6.0-
7.5 percentage by weight together with alloying elements; magnesium and silicon. Table 4.2 
shows percentage by weight of magnesium in the range of 1.70-1.90 while silicon was detected 
in the range of 0.38-0.58. The presence of alloying elements in Al 1050 and Al 6061 confirms 
the chemical composition for both samples according to Metalweb (2007) and Aluminium 
Federation, (2003).  
5.3 Surface characterisation of Al 1050 and Al 6061 from a double dip in Bondal solution 
The pretreatment process sequence adopted for both Al 1050 and Al 6061 is shown in Figure 4.4. 
It consists of alkaline etch, desmut and double dip in Bondal solution (zincating). The chemicals 
used and their operating conditions at different stages of pre-treatment stage have been presented 
in chapter three. The process removes the oxide film from both aluminium samples and deposits 
a zincate layer from a double dip in Bondal solution which minimizes re-oxidation of the 
aluminium surface. The samples were then subjected to two types of coatings. First, semi-bright 
nickel was directly electrodeposited onto the zincated layer, secondly nickel was deposited as an 
undercoat for duplex nickel/chromium (hexavalent/trivalent) coatings from an electroless nickel 
process. The formation of a zincate layer on Al 1050 and Al 6061 by a double dip in Bondal 
solution has been investigated under scanning electron microscopy. Figure 4.5 for Al 1050 and 
Figure 4.6 for Al 6061 show the nucleation and growth of the zincated layer from a double dip 
in Bondal solution for a time range of 2-30 sec. The SEM micrographs show that film growth 
starts within five seconds for both Al 1050 and Al 6061 and zinc deposits from the Bondal 
solution are nucleated at many positions on aluminium surfaces. The micrographs obtained from 
scanning electron microscopy show random nucleation at the early stage of deposition. As 
deposition progresses, these crystallites multiplied and the aluminium surface was covered 
with zinc deposits. Newly formed ones appeared to be nucleated from those already established 
from the first dip in Bondal solution. The crystallites partially overlap eachother and develop 
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well defined lines of growth. These lines of growth close on themselves or intersect each other, 
generating a network of zincate deposits. The crystallites multiply themselves and partially 
overlap each other, until most of the surface is covered. It was observed that only a single point 
of contact is established between the substrate and the film at the early stages of film deposition. 
As growth progresses, crystallites nucleate on crystallites forming bridge structures, and result in 
a continuous interlocked honeycomb network. However, there are still some bare regions on 
aluminium, which are still undergoing persistent anodic dissolution during adjacent film 
formation.   
The zinc deposits continued growing with immersion time to cover the uncovered areas of Al 
1050 and Al 6061. However, in some areas, the crystallites seemed to overlap more, without 
trying to fill these holes. It seemed that these areas corresponded to regions of virtually no 
electrochemical activity, surrounded by boundaries, showing very significant tendency for 
anodic dissolution and on which the deposit could form preferentially. The piling up of 
crystallites around these holes showed an increase in vertical growth, with some columnar 
development. The percentage of coverage was comparatively higher in the double Bondal dip. 
This seemed to indicate that the incubation period for the development of the deposit did not 
exist in the double dip compared to the single dip in Bondal solution. The discrete centres of 
nucleation were observed in the single dip, which was then substituted by a more randomised 
nucleation from the double dip in Bondal solution after stripping the first zincate layer. The 
zincate layer from double dip develops at many sites at the early stages. After 10 sec of double 
Bondal dip of Al 1050 and Al 6061, the structures showed a very quick growth, with the new 
crystallites being formed in a more compact and fine grain size layer. This result seemed to agree 
with those presented by Golby (1981) and Monteiro and Ross (1984). The double dip of Al 1050 
and Al 6061 in Bondal solution seemed to ensure a satisfactory coverage of substrates and an 
effective cohesion between the deposited crystallites. It was observed that samples failed to 
deposit nickel from the electroless nickel process onto zincated deposits during chromium 
electroplating of Al 1050 and Al 6061. Similarly, both aluminium samples failed to deposit from 
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semi-bright nickel and bright nickel when nickel from both formulations were deposited directly 
onto the zincated layer. These failures were noticed with signs of peeling, and blisters on the 
aluminium samples. The failure mechanism clearly indicated problems associated at the 
pretreatment stage. 
Figures 4.7 and 4.8 show EDXA spectra of Al 1050 and Al 6061 for percentage compositions of 
different elements present during the double dip in Bondal solution for 25 and 30 sec. Peaks for 
Al, Zn, Cu, Ni and Fe are clearly visible. However, the peaks observed for Zn, Cu, Ni and Fe in 
the EDXA spectra for 25 sec are comparatively smaller than those obtained in the EDXA spectra 
for 30 sec double dip in Bondal solution. Zinc and copper peaks dominate the EDXA spectra. 
This shows that zinc and copper are the main contributors in developing the zincate layer. Table 
4.2 shows elemental composition of deposits on Al 1050 and Al 6061 obtained from a double dip 
in Bondal solution for 25 and 30 sec. Zinc and copper are deposited more on the Al 1050 than Al 
6061, while iron and nickel were higher on Al 6061. The zincate deposit after the double dip 
contains nearly 13% copper by weight. These results confirm MacDermid (2000) findings 
obtained from the pretreatment of aluminium and its alloys using Bondal solution. Bondal 
solution that deposits a zinc-copper alloy tends to produce a white brass containing 13-20 % 
copper by weight MacDermid (2000). This coating produces high adhesion on a wide range of 
aluminium alloys. The weight percentage of copper obtained during the double dip in Bondal 
solution helps in the adherence of subsequent coatings. Iron and nickel were present in small 
amounts as shown in Figures 4.7a and 4.7b while zinc established an average concentration of 77 
% by weight for both aluminium alloys after 30 sec. These results show an identical pattern of 
elemental distribution for the zincate deposits for both Al 1050 and Al 6061. Although the 
double dip in Bondal solution was carried out for different immersion times, the 30 sec of 
treatment provided better adhesion. These results demonstrate that the pre-treatment process 
sequence adopted for both Al 1050 and Al 6061 have similar deposits characteristics despit 
variations in alloying elements of Al 1050 and Al 6061. 
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The X-ray diffraction profile of Al 1050 and Al 6061 obtained from the double dip in Bondal 
solution for 30 sec are shown in Figures 4.9 and 4.10. The XRD spectrum shows four highest 
peaks at 38, 44, 65, and 78 degree in each diffraction profile. XRD data provides values for angle 
of incidence, d-spacing, and the peak intensity. The volume-weighted grain sizes were calculated 
at different values of full width at half maximum (FWHM) and intensity using Scherrer’s 
equation. The zincated layer had a grain size in the range of 2.389-2.783 Å as shown in Table 4.4 
for Al 1050 and in Table 4.5 for Al 6061. The results confirm the findings of Schwartz and 
Newkirk (Wernick et al., 1987) that atomic diameter of zinc is 2.660Å compared with 2.857Å 
for aluminium. The next stage follows nickel deposition from an electroless nickel process on Al 
1050 and Al 6061. The results obtained from the electroless nickel deposition are presented in 
section 5.4. 
5.4 Surface characterisation of electroless nickel deposition on Al 1050 and Al 6061  
Figures 4.12 to 4.13 show scanning electron micrographs of electroless nickel deposition on Al 
1050 and Al 6061 for a time range of 2 sec to 4 min. The nickel deposits from electroless nickel 
deposition show a gradual change in film formation with nickel deposition starting to develop by 
nucleation after the zincated dissolution. The scanning electron micrograph as shown in Figures 
4.12 and 4.13 after 1 and 2 mins of electroless nickel deposition portray a significant change on 
Al 1050 surface. A similar trend is obtained in the case of Al 6061 after 2 min. The deposited 
nuclei now become a catalytic surface for further nickel-phosphorus deposition. Electroless 
nickel is deposited on the individual catalytic centre with the passage of time. The growth and 
coalescence of such nuclei result in a continuous layer of Ni-P on the aluminium surface after 3 
and 4 mins of electroless nickel deposition on Al 1050. Similar deposits for 2 and 4 mins are 
obtained for Al 6061 which confirms the results of Backovic et al. (1979). The electroless nickel 
deposits grow laterally and vertically simultaneously on both aluminium samples. The nickel-
phosphorus growth continued until they had deposited entirely on the aluminium substrate within 
4 min of immersion from the electroless nickel bath. Although there were still voids on the 
surfaces as shown in Figures 4.12 (viii) and 4.13 (vii), these voids would be filled as the 
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electroless nickel deposition continued. The results confirm findings of Backovic et al. (1979) 
and Takacs et al., (2007). The nuclei developed as observed in the scanning electron micrographs 
and were not of equal sizes as some large nuclei were embedded amongst the small nuclei.  Al 
1050 and Al 6061 were covered by nickel and phosphorus within 4 min of immersion.  Few tiny 
voids were visible on Al 6061 samples which were due to aluminium alloy. The zinc deposits 
from the Bondal dip were dissolved followed by accelerated nucleation, growth and coalescence 
of nickel and phosphorus nuclei and finally coverage of the aluminium samples. Zinc deposits 
obtained from the Bondal solution thus seemed to provide good adhesion for subsequent 
electroless nickel deposits 
Figures 4.14 show elemental distributions of electroless nickel deposits on Al 1050 obtained 
from EDXA analysis. EDXA spectra at 2, 5, 10 and 20 sec show presence of zinc, copper, 
nickel, iron, aluminium and phosphorus. Zinc, copper and aluminium start to disappear after 40 
sec of immersion in the electroless nickel bath as shown in Figure 4.14 while nickel and 
phosphorus start to increase from 2 sec of the Ni-P electroless deposition process. EDXA spectra 
show peaks for other elements along with nickel and phosphorus at the early stages of nickel 
deposition, however, all the peaks for different elements disappeared while nickel and 
phosphorus peaks are visible after 1 min in the EDXA spectrum. These peaks followed an 
identical pattern, as nickel and phosphorus peaks became bigger with increase in immersion 
time. This pattern follows a similar trend for 8 min of immersion time in the electroless nickel 
bath. The elemental distribution of the electroless nickel deposits onto Al 1050 and Al 6061 are 
shown in Tables 4.6 and 4.7. EDXA analysis shows that nickel starts to build up on the 
aluminium surface. The elemental distribution of Ni-P for different elements demonstrates their 
deposition behaviour at different times from 2 sec to 4 min as shown in Figure 4.15 for Al 1050 
and Figure 4.17 for Al 6061. Elemental distribution results confirm that zinc and other elements 
are present within the deposits. Nickel increases sharply while aluminium is reduced to nearly 
5%. Other elements such as Zn, Cu, and Fe decrease to less than 2% within 1 min of immersion 
while phosphorus increases with nickel deposition. Electroless nickel deposition onto Al 6061 is 
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very similar to that of Al 1050. The results demonstrated that compositions of nickel and 
phosphorus increase simultaneously while Zn, Cu, Fe decreased to less than 3% within 2 min for 
both samples. Results confirm that Cu, Ni, Fe and Zn are still present on the aluminium surface 
and sub surface. After 4 min of electroless nickel deposition, nickel reached 90% of the deposits 
for both aluminium samples while phosphorus reached below 5% in case of Al 1050 and around 
9% for Al 6061 as shown in Figure 4.16 and 4.18 respectively. From EDXA analysis, it has been 
observed that the zincate layer dissolves in electroless nickel bath. The scanning electron 
micrographs showed that zinc atoms were replaced by nickel-phosphrus atoms in the electroless 
nickel process. This mechanism autocatalyses further deposits as nickel is reduced by the sodium 
hypophosphite. 
5.4.1 Interface of zinc deposit and electroless nickel deposition onto Al 1050 and Al 6061 
 
X-ray photoelectron spectroscopy was used to study the interface characteristics of zincated Al 
1050 and Al 6061 with nickel-phosphorus deposits at the early stage of electroless nickel 
deposition. The X-ray photoelectron spectroscopy shows nickel/phosphorus deposits on Al 1050 
and Al 6061 after 2, 30 and 60 sec of immersion time in electroless nickel bath. X-ray 
photoelectron spectroscopy also gives average composition of the surface obtained from the 
Binding energy of the core electrons for each element. The X-ray photoelectron spectra also 
show different elements detected on the electroless nickel deposits. 
All the peaks in both cases are narrow and single (Figures 4.19, 4.20 and 4.21). The changes in 
the binding energy do not vary as observed from peaks for different elements. The Zn2P3 peak 
disappeared after 30 sec of electroless nickel deposition
 
which confirmed that nickel phosphorus 
layer has developed on Al 1050.
 
X-ray photoelectron spectroscopy shows only nickel and 
phosphorus after 60 sec immersion. However, carbon and oxygen were detected as contaminants. 
Similar X-ray photoelectron analysis was carried out for Al 6061 samples immersed in 
electroless nickel bath for 2, 30 and 60 sec (Figures 4.22, 4.23 and 4.24). Ni, P, Zn, Al, Mg were 
detected on the surface of both aluminium samples as observed in the X-ray photoelectron 
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spectra for 2 sec of  nickel deposition. No other elements were identified except carbon and 
oxygen, which were present as contaminants however, calcium also was detected as a 
contaminant after 30 sec of immersion.  
During electroless nickel deposition, nickel nucleation and growth depends on the interface of 
zinc with the electroless nickel deposits at the early stage of immersion in electroless nickel bath.  
In this study, the analysis was carried out on the top surface of the Ni-P layer that was deposited 
for 30 sec as shown in Figures 4.25 and 4.26. The aluminium samples were etched for a period 
of 4900 sec for Al 1050 and 960 sec for Al 6061 and etching was carried out at the rate of 1.68 
nm/min. The film thickness removed during etching was estimated to be about 100 nm for Al 
1050 and 27 nm for Al 6061 (Figures 4.25 and 4.26). 
Figure 4.25 shows the depth profile for 30 sec of nickel-phosphorus deposition on Al 1050. The 
depth profile indicates that the atomic percentages of nickel, aluminium, and phosphorus 
decreased linearly with nickel deposition from the top surface. Aluminium atomic percentage 
increaesed to nearly 12 % upto 21 nm and remained constant upto 70 nm from the top surface of 
the Ni-P deposit and then increased linearly. Nickel atomic percentage increased to 75 % up to 
42 nm and then decreases uniformly over 120 nm approximately. Phosphorus decreases linearly 
up to 70 nm below the Ni-P deposit but it is detected below 9 nm from the top surface to 5% by 
weight. Phosphorus is detected below
 
1 nm from top surface. This result agrees with the EDXA 
for Ni-P deposition. According to Figure 4.25 for Al 1050, zinc is detected below 1 nm from the 
top surface and detected throughout the Ni-P deposited to about 2% percentage by weight up to 
nearly 51 nm and then increases up to 100 nm. Zinc is detected below 84 nm. One of the main 
points of interest at the early stages of film growth during electroless nickel deposition is the 
presence of zinc throughout the nickel-phosphorus deposits. Carbon and oxygen are detected 
through out the Ni-P. Carbon decreased linearly while oxygen decreased initially up to 50 nm but 
increased below 80 nm. It confirms that oxide of aluminium is present at the interface of the 
electroless nickel deposit and the substrate. The XPS profile of Al 1050 obtained for 30 sec of 
electroless nickel deposition show a homogeneous film.  Nickel and phosphorus are present in 
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high percentages by weight below the top surface but decrease linearly with the Ni-P film 
thickness. However, aluminium diffused into the nickel deposits which indicate that either Ni-P 
coating was patchy and did not cover the surface, or the film was considerably thin. The spectra 
confirmed the presence of zinc while aluminium was seen to have diffused into the film below 
100 nm from the top surface of homogeneous Ni-P film.  
Figure 4.26 shows depth profile for 30 sec of Ni-P deposition on Al 6061 obtained from X-ray 
photoelectron spectroscopy. The depth profile indicates that the atomic percentages of nickel 
increases linearly up to 2 nm below the top surface of the deposit and then there is a sharp 
increase in its atomic percentage which continues upto 27 nm. Phosphorus increased linearly and 
this pattern continued up to 27 nm increasing up to 9% which confirmed the results obtained 
from EDXA. Nickel and phosphorus are detected on the top surface of electroless nickel deposits 
while zinc was detected below the Ni-P surface and remained constant throughout the film.  
The atomic percentage of aluminium decreases linearly from the top surface of Ni-P deposits in 
the range of 15% to 5%. Magnesium was detected throughout the Ni-P deposits and its atomic 
percentage increased sharply up to 1.5 nm and then remained through out the film up to 27 nm.  
Oxygen was detected throughout the deposits and its atomic percentage decreased linearly from 
50% to 30% by weight. Carbon was only detected on the surface as a contaminant. It decreased 
linearly from 20% to 3% by weight from the top surface to 2 nm and then this continued 
smoothly below 10 nm from the top surface. The spectra confirmed that aluminium and alloying 
element magnesium were thought to have come from the Al 6061. For 30 sec immersion time, 
the depth profile showed Ni, P, Al, Mg, and Zn throughout the 27 nm below the top surface of 
nickel deposits. Calcium was also found as contaminant in Ni-P deposit on Al 6061 but it was 
not visible in the depth profile spectrum. When comparing results from XPS, it was observed 
that the fraction of nickel and phosphorus followed consistency with deposition time. The 
fraction of nickel and phosphorus deposited at 2, 30 and 60 sec of immersion time were observed 
as 0.8, 1.3 and 1.6 for Al 1050 and 0.4, 1.4 and 1.8 for Al 6061 respectively. The results obtained 
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from XPS agree with the findings of SEM and EDXA. The film deposited by the Bondal solution 
dissolved but it remained at the interface of Ni-P and zinc deposits. 
5.4.2  Structural characterisation of Al 1050 and Al 6061 at the early stage of electroless 
nickel deposition using X-ray Diffraction 
 
The changing structure of nickel-phosphorus deposits on Al 1050 and Al 6061 at the early stage 
of electroless nickel deposition was studied. Results obtained from X-ray diffraction patterns 
(Figures 4.27-4.28) describe the relative proportions of crystalline and amorphous 
nickel/phosphorus layers on Al 1050 and Al 6061. These patterns gradually change from sharp to 
very broad peaks with increasing phosphorus content as the structural composition changes from 
crystalline to amorphous. XRD spectra show sharp peaks around 38, 44, 65 and 78 degree 
corresponding to nickel while a few diffused diffraction peaks of varying phases of nickel 
phosphide (NixPy) are noticeable. There is a possibility that other compounds were present in 
minor proportions that were not detected because the Ni-P deposits were too thin. XRD peaks 
observed at around 38, 44, 65 and 78 degree possibly correspond to various nickel phosphides. 
Szasz (1984) and Hentschel (2000)
 
found that nickel-phosphorus deposits consisted of nickel 
phosphides (NixPy) identifying NiP, Ni7P3, NiP2, Ni5P2, Ni5P4, Ni2P5, Ni3P5, Ni12P5.  The 
deviation from crystallinity increases with Ni-P deposit growth as composition changes with 
immersion time. The sharp diffraction peaks correspond to crystalline deposits while diffuse 
(wide) diffraction peaks reflect amorphous structure. X-Ray diffraction patterns show sharp, 
clearly defined peaks of similar intensities after 4 min of nickel deposition for Al 1050 and Al 
6061. The XRD spectra showed that the nickel-phosphorus deposits are crystalline and confirm 
the findings of Szasz (1984) that the initial structure of Ni-P deposits has microcrystalline 
constituents. 
 
X-ray diffraction patterns obtained for Al 1050 and Al 6061 confirm the results reported by 
Hentschel et al. (2000). They also found that crystallization of Ni-P films seems to be affected by 
the phosphorus content as well as the non-equilibrium conditions of the crystallization process 
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occurring during deposition. Lambert et al., (1989) also claimed that the microstructure of Ni-P 
deposition consists of microcrystalline nickel with 2-3% phosphorus uniformly distributed 
throughout the coating. Martayak (1993) has also confirmed that deposits low in phosphorus 
content from the electroless nickel process were crystalline while medium phosphorus contents 
were more continuous and exhibited a semi amorphous structure. X-ray diffraction data (Table 
4.10) were subjected to crystal structural study at 38, 44, 65 and 78 degree after 4 min of Ni- P 
deposition onto Al 1050 and Al 6061.  XRD data processing software (Dragoe, 2001) and Joint 
Committee of Powder Diffraction Standards (JCPDS) card index file for the XRD pattern peaks 
show discrete Miller indices (hkl) reflections corresponding to face centered cubic and other 
structures as shown in Table 4.11. The XRD pattern for Al 1050 reveals a set of  distinct textures 
corresponding to face centred cubic nickel i.e {111}, {200}, {220} and {311} after 4 min of 
elctroless nickel deposition. The results, confirmed by Lashmore (1980), suggest that crystal 
planes observed were growing parallel to the aluminium substrate textures and were more 
distinct after 4 min of electroless deposition on Al 1050 and indicate crystallinity in low 
phosphorus coatings. These textures are in accordance with Lashmore’s (1980) findings which 
found that there is epitaxial orientation of zinc on all aluminium principal planes. Similar 
epitaxial orientation is observed when Ni-P is deposited on a dissolved zincated layer. In the case 
of Al 6061, textures were different to some extent due to the aluminium alloy matrix. With 
increasing phosphorus content in the deposits, different textures are developed such as {101}, 
{202}, {222}, {330} after 4 min of electroless deposition. These textures indicate that the 
development of texture is clearly a function of the phosphorus content and aluminium substrate. 
As the phosphorus content on the Al 6061 electroless nickel deposits increased, there was strain 
introduced with a change in the lattice parameters. In the case of Al 6061, the textures are 
comparatively different due to the aluminium alloy composition matrix. The apparent grain size 
of Ni-P alloys was determined using the Scherrer formula (Culitty and Stock,  2001) which 
makes use of diffraction broadening  as expressed in the equation; 
 
t = 0.9 λ/B Cos θ ………………………………..(5.1) 
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where, t  is the apparent grain thickness  
 λ is the wavelength of the X- ray  as defined by Bragg’s equation  (n λ = 2d Sinθ )   
 D is the spacing between crystal planes  
B is the broadening of the reflection at half its maximum intensity in radians.  
 
The grain sizes of electroless nickel deposits on Al 1050 and Al 6061 were calculated as 0.576 Å, 
0.768 Å and 1.152 Å. According to Hentschel et al. (1998), an electroless nickel deposit with 2-8 
% P have grain size ranging from 0.2-1.0 Å, while Zhang et al. (1999) found that grain size of 
deposits are in the range of 0.5-0.6 Å.  
 
Lattice parameters obtained by unit cell refinement (applying least squares fitting) were in the 
range 10 degree   < 2θ < 95 degree for Al 1050 and Al 6061 after 1, 2, 3, and 4 min of electroless 
deposition as shown in Table 4.11. The International Union of Crystallography publishes a table 
of all space groups, and assigns each space group a unique number. These techniques were used 
to analyse structural characteristics of Ni-P deposits. Deposition on Al 1050 showed a face 
centered cubic structure while deposition on Al 6061 portrayed mixed crystal configuration such 
as face centered cubic, triclinic, tetragonal and monoclinic. These changes in the crystal structure 
with Ni-P deposition are an indication that crystal formation is affected by the presence of the 
zinc, copper, iron and aluminium alloy matrix due dissolution of zincate layer even at the early 
stages of immersion in electroless nickel bath. Zinc, copper, iron and aluminium were embedded 
into the Ni-P deposits.  
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5.5  Surface characterisation of duplex nickel and chromium electroplating of Al 1050 and 
Al 6061 (with and without electroless nickel undercoat) using Atomic Force 
Microscopy 
Nickel/chromium deposits will now been discussed with a view to assess durability and finish of 
the two aluminium alloys. Atomic force microscopy was carried out on chromium coatings of 
Al 1050 and Al 6061 for chromium deposition onto the alloys as shown in Figures 4.29-4.32. 
The micrographs were obtained from scanning an area of 100µm by 100µm of chromium 
electroplated samples with Figure 4.29 clearly exhibiting microcracks on duplex 
nickel/hexavalent chromium deposited onto Al 1050. However, no cracks were visible on duplex 
nickel/trivalent chromium deposit on Al 1050. The duplex nickel/chromium (hexavalent and 
trivalent) with electroless nckel undercoat deposits seem to have improved, although some 
inclusions are seen on both surfaces in Figure 4.30. Al 6061 shows very similar deposition 
characteristics. Figure 4.31 shows duplex nickel/hexavalent chromium deposition onto Al 6061 
exhibiting a few cracks which improved with the occurance of an electroless nickel undercoat. 
Similarly, Figure 4.31 shows duplex nickel/trivalent chromium deposition onto Al 6061 
depicting a few hairline cracks but showing improvement with an electroless nickel undercoat as 
shown in Figure 4.32. The deposits have a few hairline cracks but have improved using an 
electroless nickel undercoat. Although, chromium deposits from hexavalent and trivalent 
electrolyte baths have relatively few cracks, they are not very well defined. The result indicates 
that chromium coatings on Al 1050 and Al 6061 have better surface characteristics as thirty 
microcracks per sq-mm were observed on deposits from a hexavalent chromium electrolyte bath 
according to Dennis and Such, (1993) and Snyder, (2000). 
The average (Ra) and root mean square (Rrms) values (measures of surface roughness) for four 
different chromium coatings determined using atomic force microscopy are shown in Table 4.12.  
The average (Ra) value for duplex nickel/hexavalent chromium deposit on Al 1050 was 0.065 but 
decreased to 0.058 with electroless nickel undercoat. Similarly, the average (Ra) value for duplex 
nickel/trivalent chromium deposits onto Al 1050 is 0.092 but decreased to 0.059 with electroless 
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nickel undercoat. The average roughness (Ra) value is 0.036 for duplex nickel/hexavalent 
chromium deposit onto Al 6061 but this value improved with an electroless nickel undercoat as 
average values decreased to 0.030. Identical results were obtained for trivalent chromium 
deposition on Al 6061. A value of 0.033 was found without electroless nickel but it decreased to 
0.032 with an electroless nickel undercoat. Root mean square roughness values calculated for Al 
1050 and Al 6061 showed similar trends for duplex nickel/chromium with and without an 
electroless nickel undercoat as shown in Table 4.12. The conclusion from the study was that 
average roughness and root mean square roughness values were comparatively higher for Al 
1050 than for Al 6061. Average values obtained during the study indicate that surface roughness 
was reduced with using an electroless nickel undercoat for duplex nickel/chromium 
(hexavalent/trivalent) deposition on both aluminium samples.  
5.5.1  Cross-sectional morphology of chromium deposited onto Al 1050 and Al 6061 
The highly reflective nature of chromium deposits does not reveal specific coating characteristics 
from plain view images obtained from atomic force microscopy. A scanning electron microscopy 
was used to obtain cross sectional views of chromium deposits on both samples. Figure 4.33 
shows duplex nickel/hexavalent chromium deposition and duplex nickel/trivalent chromium 
deposit on Al 1050. The layers are separated by distinct lines showing the thickness of semi-
bright nickel and bright nickel layers measuring about 25 µm and 15 µm respectively. SEM 
micrographs (Figure 4.33) indicate that the semi-bright nickel layer is not intact to some extent at 
the bottom end of the duplex nickel/trivalent chromium and duplex nickel/hexavalent chromium 
deposits whilst the bright nickel/chromium layers seem intact at the top. Figure 4.34 shows an 
introduction of an electroless nickel undercoat measuring about 5 µm thick prior to semi-bright 
nickel deposition. This modification was carried out for duplex nickel/hexavalent and duplex 
nickel/trivalent chromium coatings on Al 1050. The cross sectional morphology shows adhesion 
improvement of multilayer nickel/chromium for duplex nickel/chromium (hexavalent/trivalent) 
coatings with an electroless nickel undercoat. Multilayer coatings of nickel and chromium are 
visibly seen separated by distinct interfaces.   
  
233 
Figure 4.35 shows duplex nickel/hexavalent chromium and duplex nickel/trivalent chromium 
deposition onto Al 6061. The coatings are separated by distinct interface showing the thickness 
of semi-bright nickel and bright nickel layers measuring about 25 µm and 15 µm respectively. 
Semi-bright nickel layer is not intact at the bottom end while the bright nickel/chromium 
(hexavalent or trivalent) are seen intact at the top layer. The distorted semi-bright nickel layer 
indicates that the alloying elements on Al 6061 are responsible for it. Figure 4.36 shows duplex 
nickel/hexavalent chromium and duplex nickel/trivalent chromium deposition onto Al 6061 with 
an electroless nickel undercoat. Although electroless nickel layer is not intact, it does not affect 
the duplex nickel layers for either the trivalent or hexavalent chromium coatings but chromium 
coatings on Al 6061 were improved with additional electroless undercoat. 
5.5.2 Scratch adhesion testing of chromium coated Al 1050 and Al 6061 
Figures 4.37-4.44 show the results of the scratch adhesion tests carried out on chromium coatings 
applied on Al 1050 and Al 6061 samples. Responses to the scratch test were measured in terms 
of friction force and acoustic emission. Adhesion of the coating is due to the bonding force 
which may consist of Van der waals’ forces, electrostatic forces and chemical bonding. The 
frictional force shows a proportionate increase between friction along the Y-axis and load along 
the X-axis while the plot of acoustic emission describes the change in acoustic emission along Y-
axis with load along the X-axis.  
Figure 4.37 shows scratch adhesion test data of duplex nickel/hexavalent chromium 
electroplating onto Al 1050.  The first critical load (Lc1) was detected at 70N where the first 
damage began. The scratch load continued until the second critical load (Lc2) was reached at 
130N. The friction versus load looks uniform but acoustic emission signals indicated minor 
changes. Figure 4.38 shows similar variations for duplex nickel/trivalent chromium 
electroplating on Al 1050 in terms of acoustic emission and first derivative of friction. The first 
critical load (Lc1) was 85N and continued beyond 130N and reached 135N.  Figure 4.39 shows 
duplex nickel/hexavalent chromium with an electroless nickel undercoat. The first critical load 
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(Lc1) was 40N as variation in acoustic emission signals was noticed. The variation in acoustic 
emission signal continued over 40N until second critical load (Lc2) was achieved at 118N. Figure 
4.40 shows data for duplex nickel/trivalent chromium with an electroless nickel undercoat. The 
first damage on the coatings occurred at 50N. The change in acoustic emission and first 
derivative of friction continues until the second critical load (Lc2) was recorded at 105N. These 
results indicated that first failure occurs earlier in the chromium coatings with an electroless 
nickel undercoat than without it and the second critical load also decreased.  
Figure 4.41 shows duplex nickel/hexavalent chromium coatings on Al 6061. The first critical 
load (Lc1) was recorded at 22N with variation in acoustic signals and continued beyond 22N 
until the damage started at 72N. Figure 4.42 shows duplex nickel/trivalent chromium coatings 
where the first critical load (Lc1) was 25N and continued over 25N with variations in acoustic 
emissions. The first derivatives of friction also varied until the second critical load (Lc2) was 
achieved at 70N. Figure 4.43 shows duplex nickel/hexavalent chromium coatings with an 
electroless nickel undercoat on Al 6061. The second critical load (Lc2) for Al 6061 was recorded 
at 110N.  Similarly, first critical load (Lc1) and second critical load (Lc2) are recorded at 20N and 
115N respectively for duplex nickel/trivalent chromium with electroless nickel undercoat on Al 
6061 (Fig 4.44). Variations in the acoustic signal and frictional force at the early stages of 
scratch adhesion testing confirmed that the duplex nickel/chromium (hexavalent/trivalent) 
coatings with an electroless undercoat offered more resistance to indentation. Scratch adhesion 
results obtained for Al 1050 and Al 6061 show very similar trends for the first and second 
critical loads. The chromium coatings showed a decrease in first critical load but the second 
critical load value remained nearly the same for all the chromium coatings on Al 1050 and Al 
6061 showing improved adhesion as shown in Table 4.13.  
The scratch adhesion test is influenced by a number of intrinsic and extrinsic factors which are 
not adhesion related (Bull and Berasetegui, 2005). The stress developed around an indentor in 
scratch adhesion testing of a chromium coating is very complex. It is difficult to determine the 
stresses which caused the detachment of the coatings. However, scanning electron microscopic 
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studies provide mode of failure as shown in Figures 4.45-4.48 for Al 1050 and Figures 4.49-4.52 
for Al 6061. SEM micrographs indicate that buckling is developed at the head end of the crack 
and then chipping begins along the scratch channel but buckling and chipping continued along 
the channel. The high critical load obtained with duplex nickel/chromium coatings confirmed 
that damage is made at a higher normal load. Similar damage was obtained with a modification 
in duplex nickel/chromium coatings with the use of an electroless nickel undercoat as shown in 
Figures 4.47-4.48 for Al 1050 and 4.51-4.52 for Al 6061. Uniform and conformal shapes were 
observed across the scratch length after the scratch adhesion tests. This indicates that the 
coatings are capable of absorbing energy of the indentation due to elastic/plastic behaviour. A 
mixture of concave and convex shapes is observed in the middle of the scratch, where the cracks 
seemed to be deeper. The scratch test results indicated that adhesion between the coating and 
aluminium alloys are good. The chromium coatings seemed to sustain the bonding forces at the 
coating/substrate interface. Frictional force plotted against load did not show significant changes 
during the scratch adhesion test. The results conclude that there is little chance of delaminating 
and flaking of the coatings.  
5.5.3 Hardness testing of Al 1050 and Al 6061 
The results for hardness have been obtained from Vickers Hardness Testing (HV) values 
calculated from the test X-pert software. A load of 1 kg was applied initially and then it was 
gradually increased to 5 kg and then to 10 kg. Vickers hardness values obtained from indentation 
depth profile were found to be 221 HV for both duplex nickel/chromium (hexavalent/trivalent) 
coatings but decreased to 137 HV and 128 HV with electroless nickel undercoats for duplex 
nickel/chromium (hexavalent/trivalent) coatings.  The 1 kg load applied for indentation made in 
the four different chromium coatings on Al 1050 and Al 6061 penetrated only 16 µm into the 
surface of the coatings. The 1 kg load failed to penetrate the overall coating system, since the 
total thickness of the duplex nickel/hexavalent chromium and duplex nickel/trivalent chromium 
coatings on Al 1050 and Al 6061 was 41.5 µm, while it was 46.5 µm thick for duplex 
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nickel/hexavalent chromium and duplex nickel/trivalent chromium coatings with an electroless 
nickel undercoat.  
 
The average hardness values for Al 1050 and Al 6061 obtained from a 5 kg load were recorded 
as 102 HV and 65 HV for duplex nickel/hexavalent chromium coatings but increased to 137 HV 
and 110 HV with an electroless nickel undercoat. Similarly, the average hardness values 
obtained from a 5 kg load for Al 1050 and Al 6061 were recorded as 63 HV and 53 HV for 
duplex nickel/trivalent chromium coatings but increased to 107 HV and 58 HV with an 
electroless nickel undercoat. The indentor penetrated into the chromium coatings with 
application of a 5 kg load since the maximum depth was recorded as 58 µm for both aluminium 
alloys. The load/indentation profile demonstrates change at the indentation depth of 46 µm 
showing failure at the coating/substrate interface. Hardness values obtained for duplex 
nickel/chromium coatings on Al 1050 and Al 6061 showed that chromium coatings were 
improved with the use of an electroless nickel undercoat. Both types of chromium coatings offer 
resistance to the indentation but hexavalent chromium is harder than trivalent chromium coatings. 
 
The average hardness values for Al 1050 and Al 6061 obtained from a 10 kg load were recorded 
as 57 HV and 54 HV for duplex nickel/hexavalent chromium coatings but increased to 118 HV 
and 105 HV with an electroless nickel undercoat. Similarly, the average hardness values 
obtained from a 10 kg load for Al 1050 and Al 6061 were recorded as 53 HV and 46 HV for 
duplex nickel/trivalent chromium coatings but increased to 122 HV and 118 HV for chromium 
coatings with an electroless nickel undercoat. The indentor penetrated beyond the chromium 
coatings thickness with application of 10 kg load since maximum indentation depth was recoded 
at 82µm. Hardness values obtained for alloy samples showed improvement when a duplex 
nickel/chromium was modified with electroless nickel undercoat.  
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The load/depth profiles for 5 kg and 10 kg loads show well defined changes. The deflection in 
the profile clearly demonstrated that the applied load penetrated into coatings and entered into 
the aluminium substrate. The load and depth indentation profile showed defelection in the profile 
with change in the gradient at 40 µm indentation depth and 2.7 kg load. The unloading curve 
shows similar behaviour to final depths after load removal demonstrating elastic behaviour of the 
coating. The contact depth and residual depth have the same thickness as tangent to the 
unloading curve coincides with the final depth after load removal. The results further show that 
Vickers hardness values obtained for duplex nickel/hexavalent chromium coatings and  duplex 
nickel/trivalent chromium coatings on Al 1050 and Al 6061 are lower than duplex 
nickel/chromium (hexavalent and trivalent) coatings modified with an electroless nickel 
undercoat. However, in all cases Al 1050 showed higher hardness characteristics than Al 6061. 
 
5.6 Corrosion evaluation of chromium coatings on Al 1050 and Al 6061 using the copper 
accelerated acetic acid salt spray CASS test  
 
The corrosion mechanism such as pit density, size and the depth of penetration are difficult to 
achieve using optical microscopy. SEM micrographs for 24 and 48 hours of CASS testing do not 
show any noticeable corrosion sites while the test for 96 hours showed evidence of a few isolated 
corrosion spots. Figures 4.66-4.73 show cross sectional scanning electron micrographs after 96 
hours of copper accelerated acetic acid salt spray testing on chromium coatings. Cross sectional 
examination of nickel/chromium electroplated corroded samples illustrate the shape of the pits. It 
also reveals the preferential attack on the bright nickel layer and formation of small pits 
underneath the microporous chromium coatings.  
Duplex nickel/hexavalent and duplex nickel/trivalent chromium coatings on Al 1050 show that 
pore formation on both samples is similar and has not penetrated into the bright nickel layer. 
However, pit formation on duplex nickel/hexavalent and duplex nickel/trivalent chromium 
coatings with electroless nickel undercoat is noticeable as shown in Figures 4.68 and 4.69. The 
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pores have penetrated more into the bright nickel layer showing a well defined pit shape but have 
not spread preferentially into the semi-bright nickel. It demonstrates intiation and propagation of 
small pits but these did not coalesce to form large and deep craters that could result in the 
eventual failure of the coatings. The pit was developed on the duplex nickel/hexavalent 
chromium coating, however, pits penetrated into the bright nickel layer forming a well defined 
semi spherical (cup) shape on the surface for  duplex nickel/trivalent chromium coatings.  
The conclusion can be drawn that pits developed on chromium coatings but the penetration was 
limited to 1.5 µm thickness pore into the bright nickel layer. This defect spread laterally to some 
extent and consequently formed  a cup shaped pit. It is evident from these results that the small 
pits of corrosion formed were not significant. Since the pits were unable to form deep craters into 
the coatings, this minimizes the corrosion of the chromium coatings. Both hexavalent and 
trivalent chromium deposit surfaces showed similar responses to the CASS test, however, the pit 
sizes in the case of trivalent chromium deposition were comparatively bigger.  
5.6.1 Assessment of corrosion by optical examination after 96 hours of CASS testing of 
chromium coatings on Al 1050 and Al 6061  
 
The CASS tested samples show defects such as pits, cracks, rusting. The number of corrosion 
spots and sizes is an indication of the extent of corrosion based on the rating numbers (British 
Standard-3745, 1970). The surfaces of the corroded chromium electroplated samples were 
examined using an optical microscope after removal from corrosion test chambers after 24, 48 
and 96 hours of CASS testing (Figures 4.74-4.77 for Al 1050 and 4.78-4.81 for Al 6061). The 
size and numbers of corrosion spots were visible for chromium coatings on the aluminium 
samples. 
Figures 4.74 and 4.75 show number of corrosion spots with corrosion test durations of 24, 48 and 
96 hours for duplex nickel/hexavalent and duplex nickel/trivalent chromium coatings on Al 
1050. The number of corrosion spots was more visible on CASS samples tested for 96 hours. 
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Similar trends were observed for Al 6061. The number of corrosion spots and sizes did not vary 
for duplex nickel/hexavalent chromium and duplex nickel/trivalent chromium coatings and then 
modified with electroless nickel undercoat for duplex nickel/chromium. Overall the sizes and 
number of corrosion spots studied under optical microscopy were not significant and confirmed 
the result obtained from cross sectional examination of CASS tested samples. 
5.6.2 Corrosion evaluation of chromium coatings on Al 1050 and Al 6061 using a linear 
polarization electrochemical corrosion test 
 
The study is based on the Icorr values obtained for duplex nickel/hexavalent chromium and 
duplex nickel/trivalent chromium coatings and similar coatings modified with an electroless 
nickel undercoat. The potential-current response of corroding chromium electroplated samples 
showed a linear profile over a small potential (± 20 mV) either side of the open circuit potential 
because both the anodic and cathodic currents are exponentially related to potential. Icorr values 
obtained for chromium electroplated Al 1050 for 30 mins equilibrium time is found to be higher 
than those for Al 6061. The data shows a significant increase in Icorr values (81.5x 10-9 amps/cm2 
to 329.0 x 10-9 amps/cm2) for duplex nickel/hexavalent chromium coatings and then modified 
with an electroless nickel undercoat for Al 1050. Icorr values for Al 1050 varied in the case of 
duplex nickel/trivalent chromium coatings with an electroless nickel undercoat from 540.1 x 10-9 
amps/cm2 to 595.8 x 10-9 amps/cm2. The data shows significant decrease in Icorr values (18.34 x 
10-9 amps /cm2 to 43.97 x 10-9 amps/cm2) for duplex nickel/hexavalent chromium coatings and 
then modified with an electroless nickel undercoat for Al 6061. Icorr values for Al 6061 varied in 
the case of duplex nickel/trivalent chromium coatings with electroless nickel undercoat from 
23.56 x 10-9 amps/cm2 to 112.6 x 10-9 amps/cm2. Icorr values obtained for Al 6061 were 
comparatively smaller for both hexavalent and trivalent chromium coatings with and without 
electroless nickel undercoat. Similar results were obtained for Icorr values for 60 mins equilibrium 
time for chromium coatings on Al 1050 and Al 6061 but these values were higher than those for 
30 mins equilibrium time. It is possible that the reaction taking place on the chromium 
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electroplated samples in contact with the 5% NaCl solution is not complet after 60 min leading to 
a slight increase in the corrosion current. Icorr values obtained for chromium coatings from the 
trivalent chloride based electrolyte were not different to the values obtained from hexavalent 
chromium baths for 30 and 60 mins equilibrium time. However, Icorr values obtained from 
trivalent electrolytes on duplex nickel/chromium coatings and modified with electroless nickel 
undercoat were higher than Icorr values obtained from hexavalent chromium baths. Figures 4.82 
and 4.83 show plots of Icorr values obtained after 30 mins equilibrium prior to the corrosion test. 
The results indicated that Icorr values were comparatively higher for Al 1050 than for Al 6061. 
Comparing the duplex nickel/microporous nickel/chromium finish and modified with an 
electroless nickel undercoat with a 30 mins equilibrium time showed that trivalent chromium had 
a higher corrosion rate than a hexavalent chromium coating. Icorr values for coatings on Al 1050 
and Al 6061 have increased to some extent with an electroless nickel undercoat present. The 
resulting Icorr values, therefore suggest that Al 1050 had a comparatively higher corrosion rate 
than Al 6061. In all cases Icorr values for duplex nickel/chromium coatings were lower than with 
similar coatings modified with an electroless nickel undercoat. Icorr values obtained for Al 1050 
and Al 6061 confirmed SEM cross sectional CASS tested sample evaluations (Figures 4.66-4.73) 
that chromium deposits from hexavalent and trivalent coatings with an electrless nickel undecoat 
were apparently crack free and have few tiny pits.  
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CHAPTER 6: CONCLUSION 
 
The study carried out has described the development of a methodology for duplex nickel 
chromium electroplating of Al 1050 and Al 6061 with and without an electroless nickel 
undercoat. The study has produced the following conclusions: 
• Energy dispersive X-ray analysis of untreated Al 1050 and Al 6061 confirmed that there 
are alloying elements on the sample surfaces. The major alloying elements were detected 
from elemental composition data. Aluminium is the major element for Al 1050 while 
aluminium, magnesium and silicon are the major components for Al 6061. The results 
from this study are similar to the data for aluminium compositions as provided by 
Aluminium Federation, ASTM and Metalweb for Al 1050 and Al 6061.  
 
• The pretreatment process adopted for Al 1050 and Al 6061 removes the oxide layer from 
sample surface. Zinc deposition from a Bondal solution minimizes the chance of sample 
reoxidation. The zincate layer deposited showed a progressive growth, with new 
crystallites being formed in a more compact, adherent and fine grain size layer.  After 30 
sec of double Bondal dip, zinc deposits reached a concentration of nearly 75% by weight  
potentially enhancing the bonding characteristics between aluminium and the subsequent 
coatings. Copper reached a concentration of nearly 13% by weight. Although the 
elemental distribution of nickel, and iron were very low (percentage by weight), they all 
contributed to adhesion for subsequent deposition onto Al 1050 and Al 6061. 
 
• Direct nickel electroplating on both aluminium samples cannot give good adhesion 
because an oxide film is easily formed on aluminium surface before immersion in nickel 
electroplating bath. Zincate pretreatment of aluminium is an essential step for the 
subsequent process of the electroless nickel deposition intiated by the zincate layer. The 
morphology of the zinc layer has a direct impact on the quality of the electroless nickel 
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layer and a uniform, thin and dense zinc layer from the Bondal solution promotes 
uniform growth of the electroless nickel deposit.  
 
• Nickel deposition commenced by nucleation after the zincate layer dissolution during the 
electroless nickel process. The growth and coalescence of the nuclei resulted in a 
continuous layer of nickel and phosphorus deposits. Nickel was found to be deposited on 
the aluminium substrate within 4 min of immersion in the electroless nickel solution.  Ni-
P deposition onto Al 1050 and Al 6061 indicates that texture development is clearly a 
function of the phosphorus content. Phosphorus appeared to increase by 9% by weight 
within 4 min on Al 6061 as compared to nearly 5% for Al 1050. 
 
• Although the zincate layer dissolved in the electroless nickel bath, zinc was still detected 
at the interface between the zincate layer and the electroless nickel deposits. Aluminium 
diffused into Ni-P film from Al 1050 while alloying elements magnesium and silicon 
were detected within Ni-P deposits on Al 6061. Ni-P deposits on Al 1050 showed a face 
centred cubic structure while deposits on Al 6061 portrayed mixed crystal configuration 
such as face centred cubic and triclinic. The texture of nickel-phosphorus observed from 
the XRD results concluded that the crystal planes observed in these textures grew parallel 
to the aluminium substrate textures. 
 
• The depth profile of Ni-P obtained from XPS analysis indicates that the atomic 
percentages of nickel and phosphorus decreases linearly throughout a 100 nm thick film 
for Al 1050 and 27 nm in the case of Al 6061 below the top surface of the nickel deposits. 
Zinc deposit from the Bondal solution was dissolved in the electroless nickel bath and 
detected below the Ni-P deposits in the form of zinc phosphide. Similarly, nickel and 
phosphorus were present below the top surface throughout the electroless nickel deposits 
and were detected in the form of nickel phosphide. Other elements along with nickel, 
phosphorus and zinc were also present in the nickel deposits. Oxygen was detected 
throughout the deposits in different oxide forms. XPS results confirmed that alloying 
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elements from the alloys were diffused into nickel deposit and carbon, calcium were 
detected as contaminants.  
 
• Duplex nickel/hexavalent chromium and duplex nickel/trivalent chromium coatings 
showed microcracks on both Al 1050 and Al 6061 samples. The micro cracks were 
clearly visible on Al 1050, while Al 6061 only had few cracks which were not very well 
defined.  The average and root mean square roughness data showed that both hexavalent 
and trivalent chromium coatings portrayed a smooth surface on both Al 1050 and Al 
6061. Average surface roughness values of duplex nickel/hexavalent chromium and 
duplex nickel/trivalent chromium coatings were comparatively higher for Al 1050 than 
for Al 6061. However, the surface roughness values obtained for chromium deposits for 
both samples improved when modified with electroless nickel undercoat. 
 
• Cross sectional morphology of Al 1050 and Al 6061 showed well defined layers of 
duplex nickel, microporous nickel and chromium (hexavalent/trivalent) coatings. SEM 
micrographs of Al 1050 and Al 6061 for duplex nickel/hexavalent and duplex 
nickel/trivalent chromium coatings demonstrated that the semi-bright nickel layer was not 
intact at the bottom end while bright nickel/chromium deposits were seen intact at the top 
layer. Although electroless nickel layer was not intact to some extent, it did not affect the 
duplex nickel layer for both hexavalent and trivalent chromium coatings.  
 
• The scratch adhesion tests showed that there were no signs of spallation and delamination 
of the coatings and confirmed that chromium coating was highly adherent to the substrate. 
Scratch adhesion results for duplex nickel/hexavalent and duplex nickel/trivalent 
chromium coatings exhibited damage at higher critical loads than both chromium 
coatings modified with electroless nickel undercoat. The first and second critical load 
values for the Al 1050 of coatings are higher than those on the Al 6061. The failure mode 
in the scratch adhesion test starts with buckling which then continues with chipping 
across the scratch channel. In most cases of Vickers hardness testing, hexavalent 
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chromium showed higher hardness values than trivalent chromium deposits. The average 
hardness values confirmed that duplex nickel/hexavalent chromium and duplex 
nickel/trivalent chromium coatings have identical characteristics and are improved with 
an electroless undercoat. The results further indicated that deposits from trivalent 
chromium electrolytes were not as hard as those for hexavalent chromium.  
 
• Both chromium coated aluminium samples under optical microscopic observation 
portrayed identical corrosion spots for chromium deposits after a CASS test for 24 hours, 
48 hours. However, samples studied after 96 hours of CASS testing showed more 
corrosion spots than for 24 and 48 hours of CASS testing.  
 
• SEM cross-sectional micrographs showed that the chromium layer was not affected after 
96 hours of CASS testing for duplex nickel/hexavalent and duplex nickel/trivalent 
chromium  coatings on Al 1050 and Al 6061. Only tiny pits were observed showing a 
hairline pore. This defect was found to penetrate the bright nickel layer and spread 
laterally resulting in a cup shaped pit. Both hexavalent and trivalent chromium deposits 
exhibited similar responses to the CASS test, however, the pits were comparatively 
bigger in size for trivalent chromium than for hexavalent chromium deposition. SEM 
cross sectional micrographs demonstrated the intiation and propagation of small pits 
which did not coalesce to form large and deep craters that could result in the eventual 
failure of the coatings. Chromium coatings on both aluminium samples offered good 
resistance to corrosion which improved slightly with an electroless nickel undercoat. 
 
• The Icorr values obtained from electrochemical linear polarisation for both samples 
increased slightly with an electroless nickel undercoat for duplex nickel/chromium 
coatings. However, the Icorr values obtained from trivalent chromium electrolyte appeared 
to be higher than those from the hexavalent chromium electrolyte. The linear polarisation 
corrosion study also indicates that trivalent chromium deposits had a slightly higher rate 
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of corrosion compared with hexavalent chromium coatings. Overall, Icorr values were 
comparatively higher for Al 1050 than for Al 6061. 
 
In conclusion, duplex nickel/chromium electroplating from both trivalent and hexavalent 
electrolyte baths were improved with the use of an electroless nickel undercoat. Coverage of 
electroless nickel provided a uniform interlayer for duplex nickel electroplating and subsequent 
chromium electroplating. It also provided a better level of hardness and adherence to the 
substrate while the resistance to corrosion of coated samples also had improved. 
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CHAPTER 7: SUGGESTIONS FOR FURTHER WORK 
 
• Duplex nickel and chromium were deposited onto Al 1050 and Al 6061 from hexavalent 
and trivalent electrolyte baths. Duplex nickel/chromium coatings were then modified 
with the use of an electroless nickel undercoat. In view of the results obtained for the 
chromium coatings on an 1000 series alloys (Al 1050) and 6000 series aluminium alloy 
(Al 6061), it would be worthwhile to study the behaviour of 2000, 3000, 4000, 5000 and 
7000 series aluminium alloys using chromium electroplating methodology.  
 
• Bondal solution, a modified alloy zincate solution, was used as a pretreatment solution 
for Al 1050 and Al 6061. Although film growth at the early stage of double zincating was 
studied, a detailed electrochemical investigation is still necessary to understand the 
characteristics of all the elements involved in the zincating process. A better 
understanding of the Bondal process would be beneficial and achieved by investigating 
the kinetics and electrochemical aspects of the process which underpin cementation 
(metal displacement) reactions. 
 
• Decorative chromium electroplating was developed for Al 1050 and Al 6061 using a 
double dip in Bondal solution as a prelude to nickel and chromium electroplating. Duplex 
nickel was modified with the use of an electroless nickel undercoat. A further 
investigation is necessary to understand the interface between nickel and semi bright 
nickel electrodeposits.   
 
• Nickel was deposited on Al 1050 and Al 6061 from an electroless nickel bath after 
zincating from Bondal solution. Although the interface of zinc and nickel deposits from 
the electroless nickel bath is derived from the results obtained only for two aluminium 
alloys, therefore, it would be beneficial to extend this study to other aluminium alloys to 
understand electroless nickel deposition onto zinc deposits from the Bondal solution.  
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• Decorative chromium electroplating involves a combination of zincating, duplex nickel, 
microporous nickel, and chromium deposition. It would be useful to investigate the 
interface between semi-bright and bright nickel as well as bright nickel and microporous 
nickel deposits. Further studies should also be carried out to understand the 
electrochemical and adhesion aspects of individual layers.  
 
• Chromium has been deposited from trivalent chloride based electrolytes for decorative 
applications. Trivalent chromium electroplating should be extended to a sulphate based 
electrolytes. The kinetics and thermodynamics of trivalent electrolyte process need 
detailed investigation with a view to achieve durable functional electroplating. 
 
• Development of stresses is a common occurence in chromium coatings of substrates and 
they affect physical and chemical properties of the coatings. Although hardness and 
adhesion tests provide results as required but the stresses produced in the chromium 
coatings of Al 1050 and Al 6061 need investigation in order to interpret hardness and 
adhesion characteristics of the coatings. Therefore, a comprehensive investigation of the 
various aspects of adhesion and hardness testing is required for the coatings of Al 1050 
and Al 6061. X-ray based techniques and nanoindentation techniques could be used to 
evaluate residual stress and characterisation of the coating. 
 
• Corrosion performance of the chromium coatings on Al 1050 and Al 6061 were derived 
from the results of CASS testing for 96 hours. Although copper accelerated acetic acid 
salt spray (CASS) corrosion testing for 96 hours evaluated corrosion performance of the 
chromium coatings on Al 1050 and Al 6061, it would be beneficial if the CASS test is 
extended to 720 hours for more realistic information. Otherwise cyclic corrosion test 
could be used as another option to assess the corrosion effect of coatings.  
 
• Although chromium was electroplated onto Al 1050 and Al 6061 using a proprietary 
solution at pretreatment, electroless nickel deposition, nickel electroplating and 
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chromium electroplating stages. It would be worthwhile studying the behaviour of 
coatings using other proprietary solutions for pretreatment, electroless nickel, semi-bright 
and bright nickel, hexavalent and trivalent chromium solutions. 
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